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ABSTRACT

Reactive polymers have been used by synthetic chemists as
reaction supports and as immobilizing matrices for reagents and
catalysts.

A comprehensive review of the literature is presented,

and the criteria for synthesizing polymeric reagents are defined.
A study of methods by which derivatives of catechol could be
immobilized on polymer supports was made.

A protected vinyl monomer,

6 -t^-buty1 - 2 ,2 -dimethyl -4 -vinyl -1 ,3 -benzod ioxole

was prepared

and copolymerized with styrene (M2 ) (ri « r2 « l).

Cross-linked

beads (1 :5 :0 .0 3 ; j+0 : styrene : divinylbenzene) were prepared and
were used in subsequent chemical modifications.

Hydrophilic polymers

were prepared by suspension polymerization of JfO^, styrene, vinyl
benzyl chloride, and divinylbenzene (2 $) followed by reaction with
trimethyl amine to form the quaternary ammonium salt.

The following

nucleophilic addends for introduction of catechol derivatives to
activated polymers were utilized:

6 -_t-butyl- 2 ,2 -dimethyl-4-

hydroxymethy 1 -1 ,3 -benzodioxole (V^), 6 -t>butyl-2 , 2 -dimethyl-J+(2 -hydroxyethy 1 )-1 ,3 -benzodioxole ( ,

6 -t-butyl-2 ,2 -dimethyl-h-(2 -

mercaptoethy 1 )-1 ,3 -benzodioxole (^), and 2 -(3 ', V -dihydroxyphenyl)ethylamine (dopamine;

62J .

Substitutions of these compounds on

chloromethylated polystyrene were studied; the thiol,
potassium thiolate

»s its

was found to be more nucleophilic than alkoxides>

but dopamine afforded the highest degree of substitution; dimethylformamide at 5 0 “70 ° proved to be the solvent and temperature most•

5£vi

conducive to the substitution reaction.

Degrees of substitution

ranging from 8 to 25 $ (alkoxides), 29 $ (thiolate), and 66 $ (dopamine)
were achieved.
Methods were developed for removing the isopropylidene
protecting groups; n-butyl mercaptan or 2 -mercaptoethanol in the
presence of j>-toluenesulfonic acid in DMF solvent at 60-70° proved
to be the most efficacious

agents

for effecting the deblocking.

The resultant immobilized catechols were oxidized to the corresponding
o-benzoquinones.

Chlorine in acetonitrile (which resulted in con

comitant chlorination) and dimethyl succinimidoyl bromide/triethylamine (from the ternary mixture of dimethyl sulfide,
succinimide, and triethylamine)

N-bromo-

in DMF were the superior oxidizing

agents of the methods investigated.

The immobilized o-benzoquinones

were used in the oxidation of cyclohexylamine
limited success.

xvii

to cyclohexanone with

PART I

REACTIVE POLYMERS IN ORGANIC SYNTHESIS

1

I.

INTRODUCTION

Scientists engaged in the field of applied polymer chemistry,
that is, in the preparation and study of polymers with practical
rather than purely theoretical interest (not to imply that these
interests are mutually exclusive) have, since the pioneering
explorations of Carothers, focused their attention primarily upon
the structure and gross physical properties of macromolecules.

The

myriad of commercial products utilizing polymers attests the success
and sophistication of their collective pursuits.

In recent years,

especially ensuing Merrifield's revolutionary invention of solidstate peptide synthesis,1’2 there has been a rapidly increasing
interest in the applicability of polymers as participants in chemical
reactions, utilizing reactive functional groups pendent to macromolecular backbones.
most cases

Macromolecular immobilized reagents are in

similar in behavior to their monomeric counterparts,

but have an inherent advantage in being insoluble in most solvents;
thus, they are easily separable by mechanical means from soluble
reactants.

In addition to this ease of recovery (with resultant

simplification of experimental techniques), the restriction upon
the free translational motion of molecules bound to cross-linked
polymers, due to the rigidity of the lattice, proffers an additional
advantage to polymers as reactive substrates:

relatively high

concentrations of pendent reactive functional groups, each mutually
isolated if bound at appropriate distances, are allowed.

2

Thus, the

interaction of low-molecular-weight reagents with polymer-bound
substrates is kinetically favored; whereas, intrapolymeric sub
strate interactions leading to undesired products are minimized.
In solvent-swollen reticulated reactive polymers, the microenvironment
at the reactive site is nearly the same as that encountered by
the reactants in the analogous low-molecular-weight reactions
performed in solution; however, the bulk physical properties of
the polymers are those of solids.

Thus, the advantages of both

homogeneous and heterogeneous reactions are combined.
The desirable properties of a useful reagent in addition
to its filterability are (l) facile access to and egress from
active sites by solvents and reagents, (2) facile cleavage of
product from the polymer after the reaction is complete, and (3 )
facile (one- or two-step) regeneration of the active site for
subsequent reuse.

The design, synthesis, and manipulation of

polymer reagents possessing these characteristics will be elaborated.
Recently reviews by Overberger and Sannes3 and by Leznoff4 have
been published.

Considerable overlap in source material is, of

course, unavoidable.
In order to facilitate the organization and discussion of
the literature regarding the use of polymers in organic synthesis
we have categorized the reported applications into (l) passive
participants (the polymeric reactive substrates):

those in which

a polymer serves as a heterogeneous reaction support to which a
low-molecular-weight substance is covalently bound, allowed to react
with other low-molecular-weight substances,and subsequently cleaved

from the polymer in a changed form, and (2 ) active participants:
those in which the polymer itself acts to transform low-molecularweight soluble substances.

This latter class is subdivided into

reagents, in which the active site undergoes chemical change
during the course of the reaction, and catalysts, in which the
active site remains unchanged.

I I .

REACTIVE SUBSTRATES
A.

Peptide Syntheses

In 1962, R. B. Merrifield1 revolutionized the concept of
peptide synthesis with his announcement of the use of an insoluble
polymer as a reaction support; this announcement stimulated
burgeoning research activity in all phases of reactive polymers,
an activity which continues today at an ever-increasing rate.
Previously, peptide synthesis had been an arduous process requiring
Herculean efforts; the complex separation procedures required after
every step were time consuming and, moreover, gave low yields.
With the Merrifield solid-state method1 ’ 2 ’ 5 ’ 6 (Scheme l), the first
amino acid is attached covalently to an insoluble polymer; succeeding
units are added stepwise until the desired sequence is assembled;
finally, the peptide is cleaved from the polymer.

Excess of

reagents can be used and the immobilized peptide chain can be
filtered and washed free of reagents after each step without loss
of product.

In several cases, protected peptide intermediates were

"obtained in crystalline form directly from the multi-step synthesis
with no intermediate purification procedures of any kind. 1,7

SCHEME 1

Merrifield Synthesis of a Dipeptide

?, /Ri

© o -

CHaCl + B o c NH-CH-C^ q

c h 2 o -c -c h

V NH Boc

© - O '
Rl

HCl,HOAc

V
0

Ri
" /
■CH2 OC-CH-NH2

n
©
C
CH20C-CH-NH3C1

t

Rl
Bo c NH-CH-C02H
r2

DCC

V
0
II

II

CHeOC-CH-NH-C-CH-NHBoc

Ri

R2

HBr, TFA

v

0

it

®

o

CHsBr

+

IfeNCH-C-O-NH-CH-CCfeH

R2

Rl

Cross-linked polystyrene

^

II
Boc = t-butyloxycarbonyl,

(CH3)3C0C-

6
The Merrifield procedure has been fully automated8 so that
syntheses can be completed without manual attention at the rate of
six amino-acid units added per day.

Many oligopeptides and

proteins have been synthesized, including the complex hormone
insulin9 and bovine pancreatic ribonuclease, 10 a linear enzyme
containing 12k amino-acid units.

Several exhaustive reviews have

been published11 14 and new refinements and modifications to
Merrifield's original concept continue to appear.

Most of the

modifications have been changes in the nature of the support or the
coupling agent to increase the yield of polypeptide and to minimize
racemization or failure sequences due to incomplete reaction.
The efforts of polypeptide chemists to optimize the Merrifield
synthesis have identified the critical problems in utilizing polymers
as reagents and have provided a fundamental background for extrapo
lates

to new reagents with general applications in organic synthesis.

By combining soluble polymer reagents with hyperfiltration
techniques, many of the problems associated with heterogeneous
reactions are minimized.

The ability to utilize polymers as

catalysts and to regenerate the reactive sites has been demonstrated.
Shemyakin, et al . , 15 used soluble chloromethylated poly
styrene as a support; reactions were conducted in dimethylformamide,
a homogeneous system, and separations were achieved by precipitating
the polystyrene peptide adduct in water.

Slow reaction rates and

less-than-quantitative yields (problems experienced in the
Merrifield method) caused by slow rates of diffusion into only
partially permeable resin, were thereby improved.

In a modification

with similar objectives, water soluble polyethylene oxide

7
(MW 20,000) with terminal hydroxyl groups was used as a carrier.16
The G-terminal amino acid was bound as the ester to the ends of
the polymer; whereupon, succeeding units were added by standard
methods in aqueous solution.

Ultrafiltration was utilized to

separate the high-molecular-weight polymer containing the peptide
from the low-molecular-weight components.
A pellicular support, also developed to minimize shortcomings
caused by unfavorable rates of diffusion of reagents to the active
sites as well as variations in particle swelling in different
solvents, which precludes the use of column procedures, was
developed by Bayer, et al.,1T and was subsequently modified by Parr
and Grohmann.18

In the modified procedure, p-bromomethylphenyl-

trichlorosilane (l^) was reacted with silanol groups of glass beads
to form a thin layer of reactive groups on the glass surface.
Peptides were synthesized using standard procedures reported by
Merrifield; the reaction time for each step was two hours; no
failure sequences were detected.

Unfortunately, cleavage of the

peptide from the support did not proceed to completion because of
the unfavorable electronic effect of the para-orthosilicate group.

HO-Si
HO-Si
HO-Si

1

->

\ 0-Si

Fridkin, et al.,19 in a departure from the original Merrifield
concept, first described the use of a polymer as a coupling reagent
to activate the carboxyl group for amidation rather than as a support
(this as well as the succeeding peptide coupling reagents is not a
passive participant in the reaction, but

in fact, properly belongs

in the class of "reagents", which will be discussed later).

After

each step the peptide was recovered from solution and purified
before the next step.

This procedure, called the "reverse Merrifield"

method, was utilized to synthesize bradykinin, a nonapeptide, in
65i> overall yeild of the fully protected

species (5 9$ yield after

removal of the carboxyl and amino blocking groups) using crosslinked poly(3 -nitro-lt--hydroxystyrene) (2^ Scheme 2) as a coupling
agent.20

An N-blocked amino acid (the second unit of the finished

chain) is first bound as the ester to the resin; this active
ester (^) is then treated with the free-amino C-terminal ester.
The resultant dipeptide was separated by washing from the polymer,
the amine deprotected, and the third and subsequent units were
added using the same procedure.

Note that in the Merrifield method,

if the partially constructed peptide were to be removed, it could
not be replaced for further increments.
In an analogous approach Wieland and Birr21 reported a
successful tripeptide synthesis using as the activating agent,
£,£' -dihydroxydiphenylsulfone crosslinked with formaldehyde (1^).
Similarly, copoly(ethylene-N-hydroxymaleimide (^) has been utilized
to form a transiently-bound active ester2 2 ’23 for the formation
of polypeptides having as many as eight units.

Wolman, et al.,24
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employed poly(hexamethylenecarbodiimide) ( 6 J , an insoluble
condensing reagent, to couple mixtures of N-blocked amino acides
with free-amino peptide esters.

A polymer containing the N-

ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline moiety (8^), which
is easily generated (and regenerated) from copoly(styrene-6isopropenylquinoline ( j Q b y reaction with ethyl chloroformate,
triethylamine,

and ethanol, also catalyzed the condensation of

suitably blocked amino acids.25

B.

Oligonucleotide Synthesis

Another application of the solid-phase synthesis technique,
one which could, if perfected, surpass polypeptide synthesis in
scientific consequence, is the stepwise synthesis of the fundamental
biological molecules, the polynucleotides.

Several groups26 37

are now engaged in this pursuit, and, although investigations are
still in the exploratory stage (despite the accrued experience of
several years' efforts), some success has been realized in the
synthesis of oligonucleotides having two to six units.
Among the vicissitudes that have been encountered, particularly
thwarting has been the incompatibility of the highly polar
phosphodiesters with most of the apolar (e.j»., lightly cross-linked27
and noncross-linked26 polystyrene) supports that were tried,
especially in the early stages.

Several approaches have been taken

in an effort to obviate this difficulty, which manifests itself as
poor yields:

(l) use of highly cross-linked, nonporous, high-

surface-area polymer beads having all the bonding sites on the

surface;28’3T (2 ) use of isotactic, highly crystalline polystyrene,
which is insoluble and only slightly swellable, with functionality
localized on the exterior of the particle;3 2 ’ 33 (5 ) use of functionalized nonporous glass beads and silica gel;34 (!)•) use of Sephadex,
a cross-linked polysaccharide possessing both hydrophilic and
lipophilic character;35 (5 ) use of polyethylene glycol (MW 20,000),
which is soluble in water, pyridine, and dioxane, and which can be
purified by dialysis. 36
Although other functional groups have been utilized, polymerattached 2 ,-methoxytrityl chloride has been the preferred anchoring
group for the attachment to the 5 '-phosphate linkage of the first
nucleoside.
It must be noted that once suitable polymer-anchored
deoxynucleotides and ribonucleotides are successfully synthesized,
it may become possible to use them, in conjunction with appropriate
enzymes, in the further solid-state enzymatic synthesis of
complementary deoxynucleotides and ribonucleotides as well as complex
proteins, such as enzymes —

C.

truly an astounding prospect.

The "Infinite Dilution" Effect

The raison d'etre for the following reactive-substrate
polymers is the elimination of undesirable side reactions of
reactive intermediates by exploitation of the mutual isolation of
bound groups. 3 9 ’ 40

This so-called "infinite dilution" characteristic

of groups immobilized on macroreticular supports makes available
essentially unidirectional syntheses, not possible in solution —
an almost enzyme-like specificity.

Preparations of cyclic compounds from linear ones by intra
molecular cyclizations inevitably suffer from the unfavorable
statistical probability of the end-to-end coupling compared with
analogous intermolecular reactions.

These types of reactions are

usually performed at high dilution in order to lower the rates of the
intermolecular reactions; however, yields remain low and unwanted
by-products persist.

If, however, the linear moieties are first

attached to a suitable functional group on a rigid polymer chain at
sufficiently large intervals, the intermolecular coupling is
minimized; the actual concentration of reactive groups can be
considerably higher than could be tolerated in solution.

1.

Peptide Cyclization
The group of Patchornik, which has been at the forefront in

the development and utilization of reactive polymers, was the first
to report a synthesis of this type:39

cyclic peptides were formed

by intramolecular aminolysis of linear peptides bound as activated
carboxylic esters to high-molecular-weight nitrophenolic carriers
(Scheme 3 ).

Peptides blocked as the N-benzyloxycarbonyl

(z)

derivatives were attached to the cross-linked carrier (2 } (the
activating reagent described previously19’20) using N,N'-dicyclohexylcarbodiimide (DCC) as the coupling reagent; anhydrous hydrogen
bromide in glacial acetic acid effected the removal of the blocking
group; cyclization ensued upon neutralization of the amine
hydrobromide with triethylamine

to yield chromatographically pure

cyclopeptides containing two and four amino acids in 6 0 -80 $ yield.
When a soluble (noncross-linked) carrier was employed, yields were

comparable to those obtained with the cross-linked support; however,
the cyclic peptides were contaminated by some linear oligopeptides.
SCHEME 3
Cyclization of Oligopeptide
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The electron-withdrawing group necessary to activate the
phenolic ester sufficiently for the cyclization precludes the
ordered construction by a Merrifield-type synthesis of a polypeptide
from its constituents on the same support used for the cyclization
because of the ease of cleavage of the peptide during hydrolysis
steps.

The combination of the functions of assemblage and cycliza

tion on a single support was achieved by Flanigan and Marshall41
(Scheme 4).

They utilized a phenolic polymer containing a para-

sulfide group (<^), suitably inactive for the construction of the
peptide,

which, when oxidized to the sulfone (10 ^ after the

peptide was constructed, was activated for cycloaminolysis.

SCHEME If
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Bondi, et al. , 42 obtained peptides cyclized through S— S
bonds by the utilization of a rigid carrier.

A tripeptide

containing contiguous cysteine moieties with trityl-blocked thiols
was constructed on chloromethylated polystyrene resin using the
Merrifield method.

The trityl S-blocking groups were removed with

AgNCfe in pyridine to unveil the thiols, which were oxidized with
1»2-diiodoethane.

An 80^ yield of the purified cyclic product was

obtained upon release from the polymer by treatment with hydrogen
bromide in triflouroacetic acid.

When the analogous reaction was

carried out in solution a complex mixture of peptides containing
S— S bonds was obtained.

2.

Ester Condensation
When esters that have more than one a-hydrogen are acylated

in solution with an acyl chloride, self-condensation of the enolizable ester and diacylation, resulting from proton transfer from the
monoacylated ester to unreacted enolate, also occur; yields of the
desired ketones are often quite low.

In yet another application

of the "immobilization-on-polymer" concept, Patchornik, and Kraus43
obtained a single ketone from a number of acylations of enolizable
esters attached in low concentrations to polymer carriers (Scheme 5)
The polymer ester was first formed by the reaction of the carboxylate with 2$ cross-linked chloromethylated polystyrene.
phenylmethylide was used to form the enolate.

Lithium tri

Nonenolizable acid

chlorides or anhydrides were then allowed to react with the enolates
whereupon, the ester was cleaved from the polymer, with accompanying
decarboxylation, in the presence of HBr/triflouroacetic acid.

That
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Monoacylation of Ester Enolates
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concentrations of esters sufficiently low (0 .1 -0 .3 mmol/g of polymer)
such that mutual isolation is maintained are requisite for uni
directional synthesis was demonstrated by the acylation (or by
treatment with base alone) of polymers containing 1 .5 -2 .0 mmol
enolizable ester per gram; self-condensation of the bound esters
predominated.
In a designed intrapolymeric condensation between two esters
bound to the same polymer bead,one, an enolizable ester, bound in
low concentration, the second, a nonenolizable ester, bound to the
polymer in relatively high concentration,

the same authors44

obtained high yields of only the cross-condensation product (Scheme 6 ).
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When the reaction was carried out in solution under identical
conditions, yields were lower and the product mixtures were quite
complex.

This procedure utilized the rigid polymer substrate not

only to isolate reactive intermediates that could form undesired
products, but also to impose close mutual proximity to groups whose
interaction

is desired.

The same disadvantages reported for acylation in solution of
ester enolates, namely, self-condensation and disubstitution,

also exist fjr ester alkylation.

Kraus and Patchornik45 have,

likewise, obviated this difficulty by the use of a solid-state
synthesis in which the ester is immobilized on a polymer support
(Scheme J ); high yields of solely monoalkylated acids were obtained
upon hydrolysis of the ester from the polymer in each case.

SCHEME 7

Monoalkylation of Ester Enolates
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Anionic cyclizations were also investigated.43

Particularly

interesting is the report of "indications" of the formation of the

9“ and 15 -membered macrocyclic ketones by Diechmann cyclizations of
diesters (Scheme 8)
SCHEME 8
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Camps and coworkers,46 using reticulated copoly(styrene-j>(2-hydroxyethyl)-styrene) as a solid support, reported similar
results for the monoacylation of enolizable esters and promised forth
coming results for monoalkylation of polymer-bound esters and for
the Dieckmann cyclizations of diesters.
A novel Dieckmann cyclization of a mixed diester, labelled at
one of the carboxyl positions, one in which only the filterability
of the polymer, rather than the mutual isolation effect, was exploited,
was reported by Crowley and Rapoport47 (Scheme 9 )•

By first

SCHEME 9

Dieckmann Cyclization of Specifically Labelled Diesters
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attaching, as the benzylic esters, monotriethylcarbinylpimelic
acid-l-l4C (lla^ and monotriethylcarbinyl-5-ethyl-pimelic acid-1-14C
(llb^) to chloromethylated polystyrene, then treating with sodium
triethylcarbinylate, they were able to obtain almost exclusively,
merely by washing from the resin, triethylcarbinyl 2-oxocyclohexanecarboxylate-2-l4C (12a) and triethylcarbinyl 6-ethy1-2-oxocyclohexanecarboxylate-2-l4C (lSb^), respectively, since the products (l4a^ and b^
resulting from the alternative attack by the enolate adjacent to the
labeled carbon remain attached to the resin.

Both 12a and 12b

could be decarboxylated to eyelohexanone-1-14C (l^a) and 3 -ethyleyelohexanone-1-14C, (l£b^, respectively.
Analogous reactions were run in solution on the benzyl esters
of these compounds (lie and d) with yields comparable to those
obtained in the heterogeneous reactions; hence, there was no
inherent entropic advantage in the use of the polymer substrate for
the formation of six-membered rings; however, significantly greater
amounts of nonlabeled

eyelohexanone (l£c^and d^ were isolated upon

decarboxylation of the mixture of initial cyclized products (l2cj
12d, li+c, and l^d).
. The bulky ester served to retard the undesired alternative
attack by the enolate adjacent to the label and to minimize transesterification (Reaction II) before condensation, which, if it
occur,

results in extensive scrambling of the label.
Subsequent attempts by Crowley, Harvey, and Rapoport48 to

conduct a Dieckmann condensation of resin-bound sebacates resulted
in low yields of eighteen-carbon diketoesters instead of the desired
nine-membered cycloketoester.

This failure belies the "infinite
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dilution" concept and emphasizes that reagents attached to seemingly
"rigid" matrices do, in fact, exhibit restricted mobility.

3.

Polymeric Blocking Groups
Another example of a very difficult synthesis being rendered

relatively simple by the application of the mutual isolation concept
was reported by Leznoff and Wong:49,5°

the monoblocking of

symmetrical <y,ou-diols bound at one terminus to a suitably functionalized polymer (Scheme 10).

A large excess of diol was added to
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form ester linkages with a cross-linked resin containing acid
chloride groups in relatively low concentrations (calculated to be
an average of one acid chloride group per six phenyl groups);
reaction with trityl chloride in pyridine afforded the resin trityl
ether, which, upon hydrolysis and purification,gave the 1-0-trityll,n-alkanediol

(16^) in 37“51$ yield.

The acid-labile tetra-

hydropyranyl blocking group was similarly applied to a monoblocked
diol by reaction of the resin in dioxane with excess dihydropyran,
anhydrous sodium sulfate, and m-benzene-disulfonic acid to yield,
after base cleavage, 1-0-dihydropyranyl-1,n-alkanediol (l^)
albeit in lower yields than were obtained with the trityl blocking
group.

The substrate was only partially regenerable for subsequent

reuse.
The concept of the polymeric blocking group was extended
further by Leznoff and Wong51 in their synthesis of a support with a
1,2-diol group, which could be coupled to a symmetrical dialdehyde
via an acetal linkage (Scheme 11).

The free aldehyde underwent

oximation, Wittig reactions, crossed aldol condensations, benzoin
condensation, Grignard reaction, and metal hydride reductions.

Acid

hydrolysis of the acetal linkage effected regeneration of the active
polymer and liberated modified monoaldehydes in excellent yields.
In an ingenious application of the "immobilization-on-polymer"
concept, Harrison and Harrison52 were able to prepare a "hooplane",
a novel chemical curiosity, which consists of a macrocycle penetrated
by a molecular "thread", the complex being rendered stable by the
presence of bulky groups at the termini of the "thread".

Although
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the formation of the thread is statistically highly improbable,
when the macrocycle is immobilized on an insoluble resin, large
excesses of the threading reagents can be used without diluting
the product beyond hope of recovery, since the by-products can be
simply washed free of the polymer.

Thus, 2-hydroxycyclotria-

contanone (l8^ Scheme 12) was reacted with succinic anhydride to
give the hemisuccinate ester (lga^), which was then attached to
chloromethylated polystyrene; after JO treatments with a solution of
decane-1,10-diol and triphenylmethyl chloride in pyridine/DMF, the
products were hydrolyzed from the resin and purified to yield 6tfo
of the "hooplane" (20^.
SCHEME 12
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III. ACTIVE PARTICIPANTS
In the work summarized in the previous section (with the
exception of the polymer-bound coupling reagents used in peptide
syntheses) the polymer served as a reaction support:

the molecule

being chemically modified was bound during the course of the
synthesis to the polymer and was reacted in one or more steps with
reagents that were in solution; cleavage of a covalent bond in the
final stage of the synthetic sequence was necessary to remove the
desired product from the particle.

The justification for the use

of the solid-state synthetic procedure lay not only in the obvious
simplification of separation and purification steps, but also, in
some applications, in unidirectionality allowed by the restriction
of free translational motion imposed by the semi-rigid polymer
backbone.
In the applications of reactive polymers to organic synthesis
to be discussed in this section, the active transforming species
itself is attached to the polymer; reactants remain in solution,
or are attached to the polymer's active site as only transient
intermediates, and products are obtained by filtering and washing
the resin.

In most cases, only the resin's filterability, and the

consequent ease of separation of reactants and by-products from
products, is exploited, although examples of selectivity based on the
bulk or polarity of a reactant and of activation due to mutual
isolation or other effects have been reported.

A.

Polymer Catalysts

Immobilized species that enhance the rates of reactions or
enable reactions to proceed that would not proceed in their absence,
that are not consumed or altered during the course of the reaction,
and that are not required in stoichiometric quantities are termed
polymer catalysts.

Comprising this category of reactive polymers

are acid and base catalysts, metal catalysts, enzymes, and some
enzyme analogues.

Polymer catalysts can be used in either batch or

column processes; the latter is especially advantageous, not only
because of its extreme simplicity (reactants can be poured in the
top of the column, products can be collected from the effluent) but
also because the continuous removal of products can shift equilibria
of reversible reactions entirely in one direction.

1.

Ion Exchange Resins
The primogenitor of reactive polymers was the ion-exchange

resin, which was first used in the catalysis of organic reactions
during World War II.53

Ion-exchange resins, like many of the

consanguineous reactive polymers, are most often modified crosslinked polystyrene.

Anion exchange resins (basic catalysts) are

usually quaternary ammonium hydroxides, formed by reacting trimethyl amine with chloromethylated polystyrene and then washing with
aqueous base.

The only cation-exchange resins that have been found to

be effective in acid catalysis are sulfonic acids,54 formed by
sulfonating polystyrene.

A limited selection of the reported

applications will be tabulated only (Table l), since ion-exchange
resin catalysis has been thoroughly reviewed elsewhere.55 58

Ion-
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TABLE 1

Catalysis by Ion-Exchange Resins

APPLICATION____________________________
A.

REFERENCE

Acid Resins
1.

Ester hydrolysis

53,60

2.

Dehydration of alcohols

58

3.

Hydration of olefins

61

4.

Hydration of acetylenes (Hg"^,H+ form)

60

5-

Hydrolysis of proteins

62

6.

Hydrolysis of enamines

63

7.

Hydrolysis of amides

64

8.

Hydrolytic decarboxylation of acetoacetic acid

65

9.

Hydrolysis of N-(2-0-methyl-D-glucosyl)-piperidine

66

10.

Esterifications

67

11.

Formation of acetals

68

12.

Cationic polymerization of vinyl monomers

69,70

13.

Condensation of methyl styrene with formaldehyde

71

14.

Dehydration of hydroxamic acids

72

15.

Decomposition of diazoacetate

73

16.

Rearrangement of ethynyl carbinols to CL, @ ~
unsaturated ketones

60

17.

Alkylation of phenol with isobutene

74

18. von Pechmann coumarin synthesis (condensation of
19.

resorcinol with ethyl acetoacetate)

75

Amide formation

76

APPLICATION
20.

B.

REFERENCE

Acetone self-condensation

77

Basic Resins

1. Aldol condensations

78,79

2.

Knoevenagel condensations

78,80,81

3.

Ester hydrolysis

82

4.

Nitrile hydration

83,84

5.

Dehydrohalogenations

85

6.

Cyclization of or and $-haloamides to lactams

86

7.

Michael reaction

87,88

8.

Cyclopentadiene condensation with acetone

89

9.

Epoxide formation from trans-vicinal hydroxy
tosylate

90

10.

Acyloin condensation (CN

72,91

11.

Epoxidation of olefins (HWO4

form)
form)3

92

^aleic acid was epoxidized to cis-epoxysuccinic acid in the
presence of the hydrogen tungstate resin and excess hydrogen
peroxide. The catalyst retained undiminished activity through
many reuses.

exchange resins have also been used in ionic forms other than
proton or hydroxide for noncatalytic synthetic applications (e.g., for
the ionic binding of an active-ester peptide-synthesis reagent of the
"reverse Merrifield" type39 and for nucleophilic displacement).

2.

Transition Metal Catalysts
In recent years a variety of soluble transition metal

complexes have been developed as effective catalysts for the mild
and selective hydrogenation, hydroformylotion, and hydrosilylation
of unsaturated organic compounds.93

A number of workers94 99 have

attached these catalysts as coordinate complexes with phosphine"
containing polymers to obtain effective heterogeneous catalyst
systems that can be easily recovered from the reaction with generally
undiminished activity (Scheme 13).

SCHEME 13
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Grubbs and coworkers955 96 discovered a high degree of
selectivity on the basis of molecular size in the reduction of
olefins using rhodium catalysts complexed with diphenylphosphinomethylated polystyrene.

The rate of reduction was seen to decrease

with increasing ring size of cyclic olefins, to be less with cyclic
than with acyclic olefins, and to be markedly less with large,
rigid olefins such as A2-cholestene.

This effect was attributed to

decreased rate of diffusion of the larger and more rigid molecules
to the active sites caused by size restriction of the solvent
channels within the randomly cross-linked polymer.
Reduction rates were also found to be dependent upon polarity,
both of the olefins and of the solvent.

In solvents more polar than

benzene, the polystyrene matrix is less swollen; therefore, the pore
size of the solvent channels is decreased; hence the rate of diffusion
of the olefin to the active site is decreased. On the other hand, in
crease in solvent polarity results in the build-up of a polar
gradient between the bulk solvent and the microenvironment of the
active site, thereby increasing the rate of diffusion of nonpolar
olefins and decreasing the rate of diffusion of polar olefins.

These

effects were demonstrated by the observation that the rates of
reduction of non-polar olefins increased with increasing ratios
of ethanol to benzene up to a point when ethanol concentration is
sufficiently high that pore sizes begin to diminish, thus causing
rates again to decrease; whereas, with polar olefinic alcohols, low
concentrations of ethanol cause immediate decrease in reaction
rates.
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Mutual isolation of bound groups is an added advantage of
immobilizing these transition-metal catalysts.

An open coordination

site is requisite for transition-metal catalysis;93

however, in

solution, there is a strong tendency for the complexes to aggregate
by the formation of bridged species, thereby blocking the open site.
The attachment of transition-metal catalyst to rigid polymers should
give higher concentrations of the monomeric species; indeed, Grubbs
and coworkers98 have found this to be the case when employing 20%
divinylbenzene-styrene substrates for rhodium-phosphino complexes
and for polymer-attached titanocene dichloride (21^, which, in
solution, has a great propensity to polymerize, yielding an inactive
species.

Collman, et al.,99 found that 2% divinylbenzene-styrene

possessed sufficient mobility to allow considerable dimerization of
rhodium-phosphino complexes.

2.
lHa

,Ti
Cl

21

Cl

n-BuLi
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Alkane
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3.

Polymer-Bound Enzymes
One of the most exciting areas in the field of bio-organic

technology is

the immobilization of enzymes on insoluble supports.

These extraordinarily

reactive proteins exhibit remarkable

specificity, often for only a single molecule, in catalyzing a
variety of reactions; when rendered insoluble, the enzyme can be
recovered from the solution and used over and over in fresh reaction
batches; furthermore, they can be availed in column and fixed-bed
catalysis in large-scale, continuous reactions.

The vast potential

of immobilized enzymes, not only in organic synthesis, but also in
a multitude of industrial, medical, and food applications, has
stimulated a concerted, multifaceted effort by many academic and in
dustrial research groups; the chemical and technological developments
since the pioneering work of Katchalski100 have already resulted
in a variety of utile enzyme systems.
Several types of support materials have been investigated,
each having some advantages and some limitations.

Among those tried

have been cross-linked polystyrene derivatives (which suffer the
disadvantage of being hydrophobic), cellulose, cross-linked dextran,
polyacrylamide hydrogels, and derivatized porous glass beads; the
last-named is apparently a superior support for several reasons:

(l)

functionalization is located only on the surface, thereby minimizing
diffusion problems; (2) the beads are chemically stable to a wide variety
of solvents and reagents; (3 ) the beads are non-compressible; (1±)
they are easily filterable; and (5 ) they are readily utilized in
continuous-flow columns.
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Likewise, many approaches have been taken to the binding of
the enzyme to the support, both by entrapment and by covalent bonds.
Obviously, the method of attachment must leave the enzyme available
for reaction with incoming molecules and must not interfere with
the enzyme's active site, either by changing its functionality or
its conformation.
Several excellent reviews of enzyme immobilization have been
published100 103.

In addition, Coming Glass Works104 published a

bibliographic compendium containing 1163 references.

A detailed dis

cussion of immobilized enzymes is beyond the scope of this dissertation.

k.

Enzyme Analogues
Poly(vinylimidazole) (22), a polymer prepared by Overberger

and coworkers,105 106 is a catalyst for the hydrolysis of esters that
acts in a fashion similar to some enzymes (Scheme 14).

The observed

rates of hydrolysis of b -hydroxy-3-nitrobenzoic acid esters of various
straight-chain carboxylic acids (2^) was faster than that catalyzed
by monomeric imidazole; in particular, for the dodecanoyl ester, the
rate was about 1000 times as fast as that catalyzed by imidazole.

The

rate of hydrolysis catalyzed by the polymeric imidazole increased
with increasing chain length of the ester, an effect attributed to
strong apolar association between the hydrophobic side chain and the
polymer backbone in the polar ethanol/water solvent.

This explana

tion was reinforced by the observation that the rate of esterolysis
increased with increasing conversion, this being attributed to an
increased percentage of intermediate acylated imidazole's further
decreasing the polarity in the vicinity of the catalyst.

Another
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manifestation of this apolar attraction was the decreased rate of
deacylation of the. acylated imidazole intermediate (2jij with in
creasing chain length (without which effect the just-mentioned
autocatalytic effect would not be observed since increased conversion
would have very little effect on the amount of acylated imidazole).
A synthetic polymer, paly(S-isobutylethylenimine), (26,) was
found by Ohashi and Inoue107’ 108 to catalyze the asymmetric addition
of lauryl mercaptan (26 ^ to substituted a ,/}-unsaturated carbonyl
compounds to yield optically active products (Scheme 15 ).

This

kind of catalysis may be thought of as being analogous to that
attributed to enzymes, in that not only was the assymmetric environ
ment adjacent to the amine availed in inducing asymmetry but also
was the neighboring asymmetry and possibly the entire macrostructure
of the catalyst; this was demonstrated by comparing the extent of
asymmetric induction by the polymer catalyst with that by an analo
gous monomeric asymmetric catalyst —

the optical activities of the

products from the polymer catalysis were considerably higher than
those catalyzed by the model compound.

SCHEME 15

Asymmetric Addition Catalyzed By Optically Active Polymer
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B.

Polymer Reagents

Although the term "polymer reagent" has been used as a
generic appellation for all reactive polymers used in synthesis, we
choose to restrict its use to polymers that contain reactive func
tional groups that are altered in the process of effecting trans
formations of

I o v j -molecular-weight

compounds, thereby distinguishing

polymer reagents from polymer catalysts; the reagent must be re
generated if it is to be reused.

Most of the polymer reagents have

direct counterparts among the arsenal of lot-;-molecular-weight
reagents available to the synthetic chemist.

The attachment of the

reagent to an insoluble polymer substrate bestows the benefits of
filterability and the consequent facility in the purifying of products,
the possibility of multiple use of the same reagent, and ease of
handling and storing.

The utility of a reagent can, thereby, be

greatly extended; furthermore, there is the possibility of disclosing
simpler reaction techniques, such as column operations, than are
possible with the soluble counterparts.
Earlier applications of polymers as reagents involved the use
of strongly basic anion-exchange resins in displacement reactions.
Thus, Gordon, et al . , 109 converted an anion exchanger to the cyanide
form by washing with 20% aqueous sodium cyanide, thereby obtaining a
reagent which was effective in displacement reactions on benzyl halides.
Similarly, benzyl phenyl ethers were obtained by washing a strongly
basic exchanger first with phenol, then with benzyl halide. 110
Cyanohydrins have also been made from ketones by the reaction on an

anion-exchange resin in the cyanide form. 111

Yields in the Hofmann

degradation were markedly improved when a basic resin rather than
silver oxide was used to convert alkyltrimethylammonium iodides into
the corresponding ammonium hydroxides. 82
Sraid and coworkers112,113 have reported the synthesis of poly
vinyl macrocyclic polyethers) and their selective binding of cations.
These compounds have the potential for being polymer reagents in
light of recently discovered applications114 of the unbound species
in highly reactive nucleophilic reactions by the counter-ions of the
chelated cations in nonpolar solvents.

1.

Polymeric Oxidizing and Dehydrating Reagents
In the only synthetic application of a reactive polymer not

involving an ion-exchange resin that was reported before Merrifield's
solid-state synthesis, Okawara and coworkers115,116 synthesized
poly(jj-iodostyrene chloride) (2

and poly(£-iodostyrene diacetate)

(28 ^ by the reactions of poly(p-iodostyrene) with dry chlorine gas
and with peracetic acid, respectively.

Poly(j>-iodostyrene chloride)

was effective in chlorinating olefins; 116 e.|>., Hallensleben, 117 ’ 118
in a later repetition of the earlier work, reported

yield of

trans-dichlorocyclohexane from the reaction of cyclohexene with the
cross-linked reagent, 2£.

Poly(j>-iodostyrene diacetate) was an

effective acetylation and oxidation reagent. 115 Typical reactions are
illustrated in Scheme 16.
Polymer reagents usually give products similar to those
obtained from their monomeric analogues.

However, Yaroslavsky, et

al.,119,120 have reported polymer reactions using N-halopolymaleimide,

from which the products differed significantly from those obtained
from the same reactions with the monomeric counterpart, Nhalosuccinimide.

SCHEME 16
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The reaction of N-bromopolymaleimide ( 2 ^ with cumene (JO)
in the presence of benzoyl peroxide (BPO) in refluxing carbon tetra
chloride yielded a mixture of 1 ,2 ,3 -tribromo-2 -phenylpropane (%L),
1 -bromo-2 -phenylpropene (£2 ^, and 3 -bromo-2 -phenyIpropene

Scheme IT) . 119

No 2 -bromo-2-phenylpropane (^V) or 1,2-dibromo-2-

phenylpropane (^), the only products found in the analogous reaction
with NBS, were found.
SCHEME IT

Free-radical Brominations of NBS Polymers

CH3 ?CHs

BrCIfe^^ClfeBr CHs ^CHBr

CH^ /CHgBr

CC1
BPO
i
Br
30

&

ft

ft

Br
-c-

0

Br

ecu
BPO

NBS
ft

/K

ft

CC14

BPO
Br

&

ft

The anomalous behavior of the polymer system was attributed
to the highly polar microenvironment of the reagent (despite the non
polarity of the solvent) due to the close proximity of the adjacent
succinimide moieties, thus favoring dehydrobromination of the
initially-formed 2-bromo-2-phenyIpropane with concomitant formation
of molecular bromine.

Indeed, the products obtained from the

reaction of cumene and BPO in CC14 with alternating copoly(N-bromomaleimide-styrene) (^6) were the same as those obtained from NBS in
CC14 .

Furthermore, when the reaction with NBS was conducted in

acetonitrile, 1,2,3-tribromo-2-phenyIpropane was obtained in 70%
yield, lending further credence to the explanation given by Yaro
slavsky for the apparent anomaly.
A similar effect was observed for the chlorination of alkyl
benzenes with N-chloropolymaleimide in the absence of free-radical
initiator: exclusively aromatic monochlorination was obtained; whereas,
with monomeric N-chlorosuccinimide, variable mixtures of aromatic and
aliphatic substitution were isolated.120

However, in the presence

of added succinimide, NCS behaved similarly to the polymer reagent,
yielding exclusively aromatic substitution.
N-Chloronylons were found by Schuttenberg and coworkers121,122
to be effective oxidizing agents similar to low-molecular-weight
halogenated amides and imides.

Secondary alcohols were oxidized by

this reagent to ketones, primary alcohols, mainly to esters, and
sulfides, to sulfones.

Nylon 66, among others, was successfully

chlorinated with either aqueous hypochlorous acid, _t-butyl hypo
chlorite, or chlorine monoxide; more than 90% of the N-H bonds were

converted to N-Cl bonds.

The chlorinated nylons were quite soluble

in a variety of solvents including CHC13 , benzene, and toluene. After
the

reaction,

the reduced polymer precipitated from reaction

solutions and was, thus, easily recoverable by filtration.

Yields

of ketones from alcohols ranged from 62$ (dibenzyl carbinol to di
benzyl ketone) to 97$ (borneol to camphor), somewhat higher than
yields obtained from analogous low-molecular-weight reagents, 1,3dibromo-5,5-dimethyl hydantoin and N-bromoacetamide.

Yields of

sulfones from the oxidations of sulfides ranged from 65 to J8%.
The preparation of a polymeric carbodiimide by Weinshenker
and Shen323’124 demonstrates once again the potential for immobilizing
versatile and synthetically valuable low-molecular-weight reagents
by attachment to insoluble polymers.
the following steps (Scheme 18):

The reagent was generated by

cross linked chloromethylated

polystyrene was converted by a Gabriel synthesis to the benzyl
amine (%();

treatment with isopropylisocyanate afforded the benzyl

isopropyl urea (^8), which was converted to the polymer-bound
benzylisopropyl carbodiimide (39) with p-toluene sulfonyl chloride
and triethylamine.

The synthetic utility of 35? was demonstrated in

the dehydration of acids and in the Moffatt oxidation under mild
conditions of primary and secondary alcohols to aldehydes and ketones,
respectively.

Stearic acid and glutaric acid were converted to their

respective analytically pure anhydrides by the reaction with the
reagent at room temperature in benzene/ether followed by filtration
and evaporation of the solvent; glutaric anhydride was obtained in
quantitative yield, stearic anhydride, in 65$ yield.

The reagent

could be regenerated; however, some formation of N-acyl urea during

TABLE 2

Moffatt Oxidation by Poisoner Carbodiimide

Alcohol

Yield d )

Cyclohexanol

85

Heptyl alcohol

97

Benzyl alcohol

95

Geraniol

63

PG alcohol

91

I|-Phenyl eye lohexano 1

67
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the reaction with carboxylic acids diminished its subsequent activity.
Alcohol oxidations were conducted in benzene/DMSO solvent at
room temperature in the presence of orthophosphoric acid catalyst.
Filtering and washing of the polymer followed by washing of the
filtrate with water afforded the oxidized product.
and aldehydes are shown in Table 2.

Yields of ketones

Oxidation of the extremely labile

prostaglandin intermediate (}*£) to its aldehyde

without loss

of stereochemistry illustrates the mildness of this reagent.
Compounds containing dithiol groups in close enough proximity
such that disulfide formation is sterically favorable have a rather
low redox potential and have been used to reduce disulfide bridges.
These compounds, e.g., dithiothreitol and dithioerthritol, are,
however, often difficult to remove from the reaction solution.
*)pq
Gorecki and Patchornik
obtained a potent, insoluble reducing
agent (k2j capable of quantitatively reducing disulfides to
dithiols, by attaching dihydrolipoic acid (6 ,8 -dimercaptooctanoic
acid) to polymer substrates such as Sephadex, Sepharose, poly
acrylamide, or cellulose.

The active dithiol form of the reducing

agent could be regenerated by reduction with sodium borohydride.
Cystamine, cystine, ethanedisulfide, and glutathione disulfide were
all reduced quantitatively simply by mixing with the polymer in a
buffer.

Column operations simplified the procedure and helped to

prevent reoxidation of the thiol during isolation.

SH

SH

+
Nicotinamide, the reactive moiety of the NAD (nicotinamide adenine - dinucleotide) coenzymes, was attached to chloromethylated
polystyrene as the benzyl pyridinium chloride

by Lindsey, et al^f6

and was shown to behave as an enzyme-analogue hydride-transfer agent
when reduced to the l,lj--dihydropyridine form (*&) by sodium dithionite.
The reagent reduced thionine, methylene blue, and malachite green to
their respective leuco derivatives, and £-benzoquinone to hydroquinone.
The rates of hydride transfer were found to be dependent upon molecu
lar size of the compound being reduced, the larger molecules being
reduced more slowly, rather than on the redox potential of the com
pound being reduced, thus indicating that the reaction is probably
diffusion controlled.
The nicotinamide reagent, Ml, and the dithiol-disulfide
reagent, J+2 , are, of course, oxidation-reduction polymers, a class of
polymers studied in detail by H. G. Cassidy and his coworkers and a
number of other groups, and which is the subject of a monograph127
by Cassidy and Kun and a recent review article128 by Cassidy.
of redox polymers have been mostly limited to inorganic redox
systems, although a few instances of oxidation or reduction of
organic compounds have been reported.

CONH2

CONH2

Studies

An effect similar to microencapsulation was exploited in the
preparation by Neckers, et al.,
chloride.

log

of polymer-protected aluminum

Poly(styrene— 1.8$ divinylbenzene) was swelled in carbon

disulfide and stirred with anhydrous A1C13 at reflux.

Then water was

added to hydrolyze the excess AICI3 and the polymer was filtered,
washed, and dried.

The A1C13 was apparently bound as a Tf-complex

with the phenyl rings within the polymer.

Remarkable stability was

exhibited by the complex: activity was not diminished by repeated
washing with water nor by prolonged storage (one year) in the air.
Anhydrous A1C13 was made available for reaction by swelling the
polymer.

Reactions apparently take place within the polymer rather

than in the bulk solvent.

The reagent effectively catalyzed the for

mation of symmetrical and unsymmetrical ethers from alcohols in high
yields; acid-sensitive alcohols reacted much more cleanly when cata
lyzed by the protected reagent than they do with unprotected AICI3 .
Relies and Schluenz

130

prepared trisubstituted phosphine di

chlorides (Jj^) from polymer-bound phosphine oxides (l^j) by the
reaction with phosgene.

Milder than PC15 , these compounds effect

similar transformations, ;L a., dehydration and chlorination of
carboxylic acids, amides, alcohols, and ketones (Scheme 19).
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Polymeric Acylating Reagents
Each of the previously discussed activated-ester reagents that

were used in peptide synthesis19 23»39>40 can ^e use(j as effective
acylating agents.

Polymer-bound anhydrides have also been prepared

for use as acylating agents.

Shambhu and Digenis

131

reacted benzoyl

chloride with copoly(styrene— j>-vinylbenzoic acid) to give an
anhydride that benzoylated both aniline and ethanol in high yields.
Ang and Harwood

prepared mixed sulfonic carboxylic anhydrides by

reacting sulfonic acid exchange resin with acetyl chloride.
alcohols were acetylated quantitatively.

Various

Consistent with the

observations of several researchers investigating other systems,
significant dependence of reaction rates upon the size of the alcohol
was measured.
133

A mixed carbonic-carboxylic acid anhydride reagent

was prepared by the reaction of phosgene with hydroxymethyl poly
styrene (^T) followed by treatment with excess benzoic acid.

The

reagent, b9j benzoylated various nucleophiles (Scheme 20); benzoic
acid was a by-product formed in the reactions with aniline and
benzyl amine as a result of attack on the carbonic carbonyl.

SCHEME 20
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3.

Polymeric Ylide Reagents
Several groups134 137 have recently reported applications of

polymer-bound Wittig reagents (Scheme 21).

Ylides (£2) were

prepared from the alkyltriphenylphosphonium halides (51 ) resulting
from the reactions of alkyl halides with cross-linked copoly(styrene£-diphenylphosphinostyrene) (£0 , the same substrate used for
complexing some of the transition-metal hydrogenation catalysts 94»")
Excesses of base could be used in the formation of the ylide and
could then be easily removed by washing the polymer before the
addition of the carbonyl compound.

Olefins were easily separable

from the phosphine oxide by-product (jjgj by filtration and could be
isolated merely by evaporation of the solvent.

Trichlorosilane

effected the regeneration of the active phosphine (%0) from the
phosphine oxide (%%) for subsequent reuse.

SCHEME 21

Polymer Wittig Reaction

Q )

rc«2x->

(P )
T©

Ph^Ph

Ph2 P-CH2 R

Ph2 P-CHR

©

&

SI

HSx C13

+

50
A variety of Wittig reactions have now been studied (Table 5).
In most cases, yields of olefins are comparable to those obtained
from the analogous low-molecular-weight ylides.

Formation of the

phosphonium bromides and of the ylides were apparently nearly
quantitative; incomplete conversion of the carbonyl compounds was
attributed to inaccessibility of some of the active sites due to
small pore size in the 2$ cross-linked resin135*136 and to the
bulky alkylidenetriphenylphosphoranes.136 Heitz and Michels 136 were
able to improve yields considerably over those obtained with resin
crosslinked with 2$ divinylbenzene by using 0.5$ cross-linked resin.
Camps and coworkers135 observed benzyl alcohol and benzoic
acid, the result of a competing Cannizzaro reaction, contaminating
the stilbene product in the Wittig reaction of phosphoniumbenzylide
with benzaldehyde; the competing reaction was more pronounced when
excess base was incompletely removed.

McKinley and Rakshys135

detected insignificant amounts of Cannizzaro product in a similar
reaction.
The selectivity of polymer-bound Wittig reagents in the
formation of olefins which can have either cis or trans geometrical
isomers was found135 to be nearly identical to that of the analogous
monomeric reagents: the reaction of polymer-bound phosphoniumethylide
with benzaldehyde in the absence of alkali halide salts afforded 8^$
cis- and 16 $ trans-j3-methyl styrene; that of bound phosphonium
benzylide with benzaldehyde yielded 58 $> trans-stilbene: the monomeric
reaction in similar solvents reportedly afforded 87 $ cis-fi-methyl
styrene and 56 $ trans-stilbene, respectively.

Heitz and Michels 137

TABLE 5

Polymer-Bound Wittig Reactions

Halide

Carbonyl

Yield
(*)

PhGIfeBr

PhCHO

60a

PhCHgBr

PhCHO

35a

MeBr

Cyclohexanone

MeBr

Rep'd Yield
Low MW rxn.
(*)

Ref.

82

13^

ff

135

65 a

52

135

PhgCO

T2a

8k

135

MeBr

PhCHO

50a

67

135

MeBr

PhCCMe

lka

7k

135

MeBr

Me(dfe)4CHO

56a

EtBr

Cyclohexanone

50a

—

135

EtBr

PhfeCO

2ka

98

135

Geranyl Bromide

ja-Cl-CglLtCHO

lla ; W b

k9

136

PhC0 (CH2 )4Br

PhCO(CHe)4Br

32 a ; 26 b

22

136

EtBr

9-Anthracenecarbaldehyde

66 b

7

136

i-PrBr

9-Anthracenecarbaldehyde

10 a

16

136

9-Flourenyl Bromide

PhCHO

68 a ; 86 b

65

136

n-BuBr

Ph2 C0

100 a

100

136

£

2$

Divinylbenzene polymer

b0.5$> Divinylbenzene polymer

135

investigated the stereo-control of the Wittig reaction in the
absence of alkali metal salts and in the presence of added salts,
conditions known to lead to cis- and to trans-selectivity, respec
tively.

In the low-molecular-weight reaction, the normal procedure

leads to trans-selectivity, which can be accentuated by the addition
of extra salt; in order to achieve cis-selectivity, special pro
cedures are necessary to rid the system of the salt formed during the
base attack.

On the other hand, with the polymer reagent, the usual

reaction condition would be the absence of salt after the reagent
is thoroughly washed free of excess base; in order to achieve transselectivity, salt must be added.

The results of this study are

compared with the low-molecular-weight results in Table 4,

TABLE 4

Comparison of cis- and trans-Selectivity
Between Bound and Unbound Wittig Reactions

Olefin
__________________

Salt-free Conditions
(cis;trans)
Polymer
LMW Analog

Added LiGL04
(cis:trans)
Polymer
LMW Analog

3 -Nonene

75:25

96 4

3 0 :7 0

1:99

1-Phenyl-1-propene

92 :8

96 4

3:97

3:97

1-Phenyl -1 -propene'3

6 0 :40

44 56

60:40

---

P-Pheny1-P-hexane

37.5:2.5

14.86

From ethyltriphenylphosphonium iodide and benzaldehyde;
^From benzyltriphenylphosphonium bromide and acet^ldehyde.

55
Taniraoto, et al.j138 utilized a sulfur-ylide polymer (%&) to
convert benzaldehyde to styrene oxide ( g Q in 65 $ yield (Scheme 22).
Poly(£-vinylbenzylmethylsulfide)crosslinked with 5$ divinyl
benzene was converted to the dimethylsulfonium iodide
quantitatively by treatment with methyl iodide.

nearly

Potassium jt-butoxide

in DMSO was added to a suspension of the resin in DMSO with benz
aldehyde f*o effect the reaction.

The sulfide form of the polymer

(§b) was recovered and could be reused.

SCHEME 22

Polymer Sulfur-Ylide Reaction
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Peracid Resins
The peracid form of carboxylic acid ion-exchange resins has

been found to be an effective epoxidation reagent. 139"140

The

reagent can be prepared by treatment of the resin with aqueous
hydrogen peroxide in the presence of strong acid catalysts; the
resin can then be washed free of hydrogen peroxide and acid and, if
carefully dried, stored at 0 ° without substantial loss of oxidative
capacity.

Helfferich and Luten, 139 utilizing a bifunctional resin

containing percarboxylic acid groups and sulfonic acid groups (used
because of difficulty encountered in oxidizing carboxylic resins with
H2 SO4 catalyst) obtained vic-diols from olefins because of rapid
opening of the initially formed epoxides by the strongly acidic
sulfonic acid groups.

Takagi, 130 however, was able to prepare the

percarboxylic acids of monofunctional resins by treatment with
hydrogen peroxide and methane- or j>-toluenesulfonic acid.

Several

olefins were epoxidized with yields ranging from 5 .2 $ for transstilbene epoxide to 85 $ for cyclohexene oxide and methyl oleate
epoxide.

Generally, internal olefins were more easily epoxidized

than were terminal olefins.
Koyama and coworkers141 found that peracid resins were also
effective as initiators for radical polymerization of methyl
methacrylate and for copolymerization of methyl methacrylate and
styrene.

Polymerization was initiated primarily by hydroxyl

radicals.

When polymerization was conducted in dioxane solution,

initiation was primarily by hydroxyl radicals; however, in bulk
polymerization, about 5 $ of the polymer formed was grafted to the
peracid resin, the polymerization having been initiated to that
extent by carboxyl radicals.

IV.

DESIGN OF REACTIVE POLYMERS
In the preparation of reactive polymers, a familiarity with

the techniques and principles of polymer chemistry as well as those
of synthetic organic chemistry is required.

The design of a new

reactive polymer should be carefully planned.

One of the most

important factors that must be considered is the types of solvents
and reagents to which the polymer, once formed, must be subjected
during the course of its subsequent reactions®

since swelling is

very solvent dependent and availability of the active site is highly
dependent upon the degree of swelling of the matrix.

The degree of

swelling is also a function of the degree of cross-linking.
Many polymer types have been employed.
has been the polystyrene matrix.

Most frequently used

It has the advantages of being

easily homopolymerized and easily copolymerized with many other vinyl
monomers, of being easily crosslinked with divinylbenzene, of being
readily functionalized by either electrophilic or nucleophilic
reactions, of being stable to a variety of reaction conditions, and
of being swellable in many of the frequently used solvents, such as
benzene, toluene, and dimethylformamide.

It is unfortunately not

swellable in protic solvents, such as water or alcohol, unless ionic
groups are attached to the polymer.
Other synthetic polymer substrates that have been used,
usually with less general applicability, are polyacrylic acids,
nylons, maleimide, £.,2.'-dihydroxydiphenylsulfone, bisphenol A-epichlorohydrin copolymer,

and polyacrylamide derivatives.

Several

modified natural polymers have also been used, e.g., cellulose and
cross-linked dextrans.

One of the most promising insoluble supports

is derivatized porous glass.

All functionality is located on the

surface,; therefore, all problems of diffusion to the reactive site,
nonswellability in certain solvents, and variations in swellability
with different solvents are obviated.

Porous glass beads are

chemically and dimensionally stable, are easily filterable, and
readily lend themselves to use in continuous-flow column operations.
In addition to the type of substrate to be used, another
factor that must be considered is the means of incorporating the
active functionality into the substrate.
used:

Three methods have been

(l) preparation of the reactant as a vinyl monomer that can be

homopolymerized or copolymerized with another vinyl monomer, then
used in the reaction as is or after further modifications, (2 ) attach
ment of the active group to a preformed polymer by reaction with a
functional group on the polymer, and (3 ) entrapment of the reactive
compound within the polymer by means other than covalent bonding.
Relies and Schluenz1 2 8 pointed out the necessity for rigorous
removal of surface impurities in synthetic polymers (remnants from
the polymerization) before embarking or. a series of modifications.
Such impurities can often reduce yields in subsequent reactions or
lower accessibility to the interstices of the polymer.

If mutual

isolation of the bound functionality is desired, the concentration
of functional groups in the polymer is, of course, critical.
Techniques for chloromethylating polystyrene over a wide range of
concentrations (that is, the per cent of phenyl rings chloro-

methylated) have been perfected.

The method of chloromethylation

can also influence the availability of the functionality in
subsequent reactions.
A third important factor in the design of a reactive polymer
is the physical form desired.
linked beads are preferred.

Most often, small, spherical, crossThese are easily obtained by the free-

radical polymerization of water-insoluble vinyl monomer/divinyl
monomer mixtures, in the presence of free-radical initiator, in a
thickened aqueous medium with high rates of stirring.

V.

THE FUTURE OF REACTIVE POLYMERS IN ORGANIC SYNTHESIS
None of the limited number of reagent polymers reported so

far have yet been incorporated into the repertoire of tools that
the chemist can use in selecting strategies for attack of synthetic
problems.

In most cases, their development has not reached the

stage at which it could be said that their utility is general;
certainly, however, there are indications that this stage will soon be
reached.

The initial cost of a reagent in time and money is high and

will likely remain s o ; the advantages in purification of reaction
products, the shelf-stability, and the possibilities for multiple
use of the same reagent could, however, easily out-weigh the initial
cost.

Furthermore, it is certain that as a polymer reagent gains

acceptance, it will be made commercially available and, conversely,
its availability will encourage its acceptance.
The field is yet young.

The possibilities for development

of new reactive polymers are almost unlimited.

New explorations are

certain to yield many exciting new developments.

Existing applica

tions of reactive polymers will be extended and improved and untapped
applications will be found.
early

Nucleotide synthesis is still in the

stages but is certain to be fruitful.

Developments in the

field of enzyme-binding technology will continue to bring improvements
and new, viable, insolubilized enzyme catalysts.
An as yet untried application of reactive substrates that
suggests itself is that of multi-step syntheses requiring the chemical
transformation of complex molecules, such as natural products, bound
at some intermediate stage to an insoluble substrate.

Such a

technique could confer upon natural-product synthesis all the
benefits the Merrifield method bestowed upon peptide synthesis.

A

limitation would be the necessity that each reaction be essentially
unidirectional and virtually quantitative.
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I.

INTRODUCTION

In the last fifteen years a variety of chemical transformations
involving o-dihydroxybenzene (catechol, l) derivatives has been
reported1 17.

One unique application of an oxidized catechol, 3>5“

di-t-butyl-l,2-benzoquinone (19) > as a reagent for oxidizing amines
to ketones has also been developed.18

The catechol moiety and

derivatives thereof, therefore, seemed ideal candidates for attachment
to polymer supports for subsequent utilization as versatile immobil
ized reagents.

In the following discussion synthetic applications

of the several bicyclic derivatives of catechol, as well as of 19
will be elaborated.

A.

Synthetic Reagents Derived From Catechol

The chemical and structural properties that characterize the
reactivities of catechol and its ring-substituted derivatives are (l)
low redox potential, (2) the relatively high stability of the
catecholate anion, (3) bigh reactivity towards aromatic electrophilic
substitution, and (Ij-) the coplanar, bidentate nature of the ortho dihydroxy groups.

The bidentate characteristic allows the formation

of five-membered rings by nucleophilic attack on electron-deficient
atoms possessing two or more leaving groups (Scheme l).

These

bicyclic derivatives, which are themselves susceptible to nucleophilic
attack at the electron-deficient atom, have been found to be
valuable reagents in organic synthesis.

TO
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SCHEME 1

Synthesis of Catechol-derived Reagents

1. COClg,
2. PC15

P-Cl

Cl2

o c

Ac20

1.

Catechol Dichloromethylene Ether (2)
Catechol dichloromethylene ether (2,2-dichloro-l,3-

benzodioxole, 2^1 ,2 can be prepared from catechol by reaction with
phosgene followed by treatment with phosphorous pentachloride (PC15 ).
The reagent has been us ed for Friedel-Crafts carboxylation (Scheme 2).
Initial reaction of the aromatic compound with 2^ and two-fold
excess of aluminum chloride or tin(iv) chloride in CH2 CI2 afforded
the o-hydroxyphenylcarboxylate ester, 8^ in 51-100$ yield.
aryl carboxylic acids, ^

The

were isolated in 7 0 -100 $ yield from the

SCHEME 2

Aromatic Carboxylation With Catechol Carbonate Dichloride

+

ArH

A 1C 1a >

2
HaO
0

II

ArC02H
OH

esters by hydrolysis in 20$ KOH with a trace of sodium dithionite
(Na2 S20 4 ) followed by acidification.

This method offers advantages

both in yields and in "cleanness" of the reaction over conventional
methods such as CO2 /AICI3 carboxylation, which is feasible only for
phenolic systems and must be conducted under pressure, and oxalyl
chloride/AlCl3 , which affords lower yields than does 2^ and evolves
carbon monoxide.

2.

Reactions of 2 are summarized in Table 1.

o-Phenylene Phosphorochloridite (^)
o-Phenylene

phosph(lIl)ole,
phosphorus

phosphorochloridite (2-chloro-l,3-benzodioxacan be prepared by treatment of catechol with

trichloride (PC13 ).

In 19&7> Corey and Anderson3

reported a new method for conversion of alcohols to iodides (Scheme 3)>
whereby the alcohol is allowed to react with the reagent ^ in ether
and pyridine to afford the corresponding phosphite, 1CX, in nearly
quantitative yields; treatment with iodine at room temperature
produced the desired iodide, 11.

This procedure is "especially

valuable in systems which are prone to elimination" . 3
results are summarized in Table 2.

Representative

TABLE 1
Friedel-Crafts Reactions with Catechol Carbonate Dichloride

INTERMEDIATE
esterJ ^ L -

ACID

M

SUBSTRATE______

______ PRODUCT_______

Benzene

Benzoic acid

8If

T9

Toluene

0- and p-Methyl
benzoic acid

89

87

o-Xylene

3,4"Dimethyl benzoic
ac rd

91

90

Cumene

Isopropyl benzoic
acid

81

81f

Mesitylene

2 ,If,6-Trimethyl
benzoic acid

87

86

Naphthalene

1-Naphthoic acid

96

100

Anthracene

9-Anthracene carboxylic
acid

100

89

3,5-Dimethyl
phenol

6 -Hydroxy- 2 ,If-dimethyl
benzoic acid

51

TO

2-Naphthol

2 -Hydroxynaphtho ic acid

91

Anisol

Methoxy benzoic acid

83

98

Dimethoxy
Benzene

Dimethoxy benzoic acid

88

80

2, If,6 -Trimethoxy
chlorobenzene

3 -Chloro -2 -hydroxy-If ,6dime thoxybensoic acid

96

70

2 -Methoxynaphthalene

2 -Methoxynaphthoic acid

100

98

75

SCHEME 5

Conversion of Alcohols to Iodides

-Cl

+

ROH

ether
pyridine

^ - 0 -R

10

l2 » JfeO

® .1
OH

;<

+ RI
11
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TABLE 2

Conversion of Alcohols to Iodides

PHOSPHITE
TIME YIELD
(HRS.) w

PRODUCT

ALCOHOL

IODIDE
TIME YIELD
(HRS.) w

Cyclohexyl

Cyclohexyl iodide

12

9 5 .^

6

8 7 -^

n-Heptyl

n-Heptyl iodide

12

9 6 .0

6

7 9 .8

3-Chloro-npropyl

3 -Chloro-n-propyl
iodide

3

9 7 .5

6

61.1

3 -Hydroxy-nbutyl

1,3 -Diiodobutane

10

99

11

75-5

10

9 1 .6

11

7 2 .0

trans-k-t-Butyl- k-t:-Butylcyclohexyl
iodide (cis:trans =
cyclohexyl
k:l)

3.

Catechyl Phosphorous Trihalide

and ^

Gross and coworkers4"8 have found catechyl phosphorous
trichloride (2,2,2-trichloro-l,3-benzodioxaphosph(v)ole, ^

(which

can be prepared from catechol by treatment with PC15 or from ^ by
treatment with chlorine) and catechyl phosphorous tribromide (2,2,2tribromo-1,3-benzodioxaphosph(V)ole, 5 } (which can be prepared from
catechol and PBr5 ) to be valuable in a variety of transformations.
The trichloride,

reacts with ketones to form gem-dichlorides and

chloroolefins, with hexose acetates (hemiacetal acetates) to form
acid chlorides, with amides to form nitriles, with N-alkyl-substituted
amides to form nitriles and alkyl chlorides, and with carbamates and

thiocarbamates to form isocyanates and alkyl chlorides.

The tri

bromide, 'jj reacts similarly with acids, anhydrides, and esters.
These reactions are summarized in Tables 3 and k.

k.

o-Phenylene Phosphorochloridate (6J
In 19^6, Reich9 reported the development of a procedure for

phosphorylating alcohols by reacting o-phenylene phosphorochloridate
(6) with the alcohols in the presence of pyridine to give the

phosphotries ter (12 ^),followed by water hydrolysis to release the
phosphate ester (^J|)

catechol.

However, later workers10* 12

were unable to obtain the phosphate ester directly from the phosphotriester by hydrolysis, but instead, isolated the o-hydroxyphenyl
alkyl diester (l^).

Calderon11 reported that hydrogenolysis of

the diester, (l^) afforded the desired monoester lbj however, this
method was not general.

Khwaja and Reese12 * 13 recently developed

a mild, oxidative means for effecting the release of the phosphate
ester, lk from the diestey, 13 (Scheme 4).

With this innovation the

versatility of o-phenylene phosphorochloridate as a convenient,
highly reactive, general reagent for phosphorylating alcohols has
now been established.
The procedure of Reese and coworkers follows:

the alcohol is

treated in tetrahydrofuran solution with the reagent, 6j in the
presence of a stoichiometric amount of base (triethyl amine, pyridine,
or 2,6-lutidine) at 20°; the precipitated base HC1 salt is filtered;
water and a slight stoichiometric excess of triethylamine are added to
hydrolyze the intermediate phosphotriester, 12 ^ to the triethyl-

TABLE 5
Reactions of Catechyl Phosphorous Trichloride (4)

SUBSTRATE

PRODUCT

CONDITIONS
HRS/TEMP.

YIELD

(4)

C6H5-C0-C6H5

C3H5-CC12 -C3H5

1

100

86

CgHs-CO-CHa

C6H5-CCl=CIfe

0.5

100

64

CsHg-CO-CHaCeHs

C6H5-CC1=CHC6H5

3 .5

180

35

Mesityl-CO-C%

Mesityl-CCl=€lfe

1.5

100

T1

^-Pentaacetyl-D-glucose

ffi-Chloro-tetraacetyl-D-glucose

0.5

TO

82

^-Pentaacetyl-D-galactose

CrChloro-tetraacetyl-D-galactose

0.5

TO

84

CHaCCfeH

CH3COCI

0.5

100

6t

CsHgCQsH

C6H5C0C 1

1

100

81

CldfeC02H

ClCIfeCOCl

0.5

130

77

20

T4

14

CeHsCIfeOCONHCHsCCfeH
(ch3co)2o

ClfeCOCl

0.5

100

T9

(Cs H5C0)2 0

C6H5C0C1

1

100

91

HC^CIfe

C12CH-0CH3

0.5

30-40

45

HCQ^C4H8

ci2ch-oc4h 9

0.5

50-60

68

0311500304119

C4H 9C1(+C6H5C0C1)

4

180

73(91)

CHaCONlfe

CH3 CN

2

100

81

C6H5C0NHs

CeHsCN

1

100

100

CsHsCIfeCONHe

C6H5CIfeCN

1

100

80

C6% C O -l(^)

c6H 5Cn(+ci-(01^)5
Cl)

0.3

200

6T(55 )

TABLE 3 continued

SUBSTRATE

CONDITIONS
HRS/TEMP.

PRODUCT

YIE]
(*'

cife-oN
|
CO
CH2 -0T

ClClfeCIfeO-COCl

8

C 6H 5NH-CO-OC2%

CqHsNCO

0.5

100

80

C4 H 9NH-CO-OC2 H5

C4 H 9NC0

0.5

90

68

CsHsNH-CS-OCsHs

CsHsNCO

20

53

C4 H 9NH“C0 --0 C2 H5

C4 H 9NCO

100

1+2

12

0.3

130 -1+0

TABLE k

Reactions of Catechyl Phosphorous Tribromide

YIELD ($>)

SUBSTRATE

PRODUCT

HRS.

CICIfeCQpH

CICIfeCOBr

0.5

0

80

CsHsCCfeH

C2 H5 C0 Br

1

0

86

CsHgCQaH

CeHsCOBr

1

0

87

(c% co)2o

CH3 C0Br

1

0

9h

C 6H5 C02 C4 H9

CeHsCOBr

3.5

0

bj

TEMP.

71

8o

SCHEME 4

Phosphorylation of Alcohols

\^ 0

Cl

+ ROH

u + Pyr
0R
HC1
12

6
nJ

0-P-0R
ROPO3

<— P.r2 .»
HaO, .
Ba(0Ac )2

Ba

14

%
OH

©
Et3NH

13
rsrv>
0

ammonium o-hydroxyphenyl alkyl phosphate, 13^ which is isolated by
removal of the solvent under reduced pressure.

The phosphate

diester salt, 13^ in neutrally buffered aqueous barium acetate
solution is treated with 2$ bromine water at 20 ° rapidly to oxidize
the catechol, thereby releasing the phosphate monoester, 14.
Product isolation entails filtration of precipitated triethylammonium
hydrobromide, ether extraction of the aqueous layer, concentration
of the aqueous layer, and addition of ethanol to precipitate the
barium alkyl phosphate.

Periodic acid and lead tetraacetate were

also used for the oxidative release and are preferred to bromine
when the alcohol is unsaturated and, therefore, susceptible to

81
bromine attack.

Lead tetraacetate is preferred over periodic acid

for the preparation of acid-labile phosphates containing double
bonds.
The scope of this method is demonstrated in Table 5*

It

should be mentioned that sugar phosphates and nucleosides might
also be readily prepared by the application of this method.

5-

Catecholborane (jJ
Brown and Gupta15 have recently developed a new hydroboration

reagent, 1 ,3 ,2 -benzodioxaborole (£), which can be prepared by
treating catechol with borane in THF.

When olefins16 are treated

with the reagent, Jj, 2 -alky 1 -1 ,3 ,2 -benzodioxaboroles (15^) are
obtained in nearly quantitative yields.

The alkane boronic ester (£5)

can be readily hydrolyzed to the corresponding monoalkane boronic
acid (^1^.

This method represents the best route to this class of

compound.
When alkynes17 are treated with 1,3,2-benzodioxaborole 2-cisalkenyl-1,3 ,2-benzodioxaboroles (17 ) are obtained, again in nearly
quantitative yields.

In addition to being a stereospecifically

cis-addition, this hydroboration is also highly regiospecific for the
less hindered carbon of the triple bond.
the boronic acid.

Hydrolysis of 17^affords

Protonolysis or deuterolysis of lj3 affords cis-

olefins; oxidation of ^ a f f o r d s the corresponding aldehydes or
ketones: treatment of 18 with mercuric acetate affords the
corresponding alkenyl mercuric salts.

Each of these reactions

proceeds to nearly quantitative conversion.

TABLE 5

Alcohol Phosphorylation with o-Phenylene Phosphorochloridate (6 )

0 -HYDROXYPHENYL -

PHOSPHATE ESTER
w
w

ALCOHOL

BASE

PHOSPHATE
DIESTER (12)(<&)

(CHq )3 “C“OH

Et3 N

83 a

6 ?C

Brp HIO a PbfOAc)^
—

(CHa)3CClfeOH

ft

83a

59°

72c

6bc

Cl3CCHaOH

ft

T2 a

6?C

55°

55°

Br3CCIfeOH

ft

T7a

73°

—

—

95b

h6d

55°

—

95b

—

6kd

—

95b

—

38d

—

TO

—

—

I6 d

NCClfeCIfeOH

2,6-Lutidine

«fe=CH-CH20H

If

(CHa)2 C=CH-CIfeOH

If

CH2 =CH-C(CH3 )2oh

Et3N

Phosphorylations were virtually quantitative; yields are of
crystalline triethyl ammonium o^hydroxyphenyl alkyl phosphate.
"’Uncrystallized 2,6-lutidinium o-hydroxyphenyl alkylphosphates.
'Yield of crystalline barium alkyl phosphate.
Overall yield from alcohol.

SCHEME 5

Hydroborations With Catecholborane

B-H
0

RCH=CH2

R-CsC-R

0

\

B-dfeCH2-R

> c ' R/

15
17
IfeO
Ifeo

R-«feCHe-B(OH)2

\K

16

R

C=C'

-R 7

X B(OH)2

18

Hg(0Ac)2
0

R

R-CHg-C-R

(R 7 is less bulky than is R)

,C=C

^R 7
v HgOAc

8k
B.

Synthetic Reagent Derived from o-Benzoquinone

o-Benzoquinone and its ring-alkylated derivatives can be
prepared by dehydrogenation of the corresponding catechols.

Among

the oxidizing reagents that have been used are silver oxide (AgpO ) , 19
cobalt(ll) acetate (Co(OAc)2 )f°manganese(II) acetate (Mn(OAc)2 ),2 °
copper(II) chloride (CuCl2 ), iron(lll) nitrate {Fe(N0 3 )3 ),2 ° cerium-

( iv ) sulfate (Ce(SC>4 )2 ) , 21 lead oxide (Pb02 ) , 22 potassium hexacyanoferrate(III) (ifeFeCCNJe) , 23 and a ternary mixture of dimethyl
sulfide, N-chlorosuccinimide, and triethylamine. 24

o-Benzoquinone,

like £-benzoquinone, is itself an oxidizing agent (Ei = -0.31; E2 =
-0 .9 1 ) ; * 25 e.g., potassium iodide in acid solution can be oxidized
by o-benzoquinone to iodine. 26

o-Benzoquinones have been shown to

participate in cycloaddition reactions27 with ethylene derivatives,
both across the carbonyls and to the 3 “ and 6 -positions of the ring.
They are subject to nucleophilic addition, more readily to one of
the ring positions 0 to a carbonyl (Michael addition) than to
direct nucleophilic attack at a carbonyl position. 28

In fact,

Michael addition to nascent o-benzoquinones has been found to be a
valuable synthetic method for preparation of substituted catechols. 28
In 1969 Corey and Achiwa18 announced the development of a new
method (Scheme 6 ) for oxidizing amines to ketones using 3,5-di-tbuty1 -1 ,2 -benzoquinone (l^) via a transamination analogous to the bio
logical conversion of amines to ketones effected by pyridoxal-5 1phosphate

*

n
in volts vs. the saturated calomel electrode at 25 u in
25

acetonitrile containing 0.1 N Et4NC104 .
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SCHEME 6

Oxidation of Amines to Ketones by
3 s5-Di-t-buyyl-1,2-benzoquinone (1^)

N-CH

Rl
""CH-NHs;
R2 '

21

19

OH

OH

r2

&

^
^

pH 2-k
AH

2k

SCHEME 7

Biological Transamination by Pyridoxal-57-phosphate (20)

CHO
FOCIfe

POC]

H

20
H
R-C-CQ2

H

P0C%

IfeO

(Vitamin B6, 20; Scheme 7 ).

When an amine is added to the reagent,

the Schiff base, 2L, is formed (Michael addition of the amine to

the b- or 5 “positions of the ring, which would be expected in the
similar reaction with 1 ,2 -benzoquinone, is precluded by the bulky
tert-butyl groups); 21 ^subsequently undergoes a prototropic
rearrangement to the aromatic Schiff base, 22.
tions, 2£ is hydrolyzed to the ketone, 2^

Under acidic condi

which is isolated in

high yield, and the ortho-aminophenol by-product, 2k.

In general,

equimolar amounts of the amine and the benzoquinone reagent, ^9,
are allowed to react in methanol at room temperature for 2 0 -3 0
minutes; whereupon, the pH is adjusted to 2-k by the addition of
water, oxalic acid, and tetrahydrofuran.

Generally high yields of

ketones are obtained after one to three hours of hydrolysis (note,
however, the exceptional case of 2-exo-bornylamine, Table 6 ).

TABLE

6

Oxidation of Amines to Ketones by

3,3 -Di-t-butyl-1,2-benzoquinone (19)

AMINE______________

HYDROLYSIS CONDITIONS
TIME (HRS) pH

YIELD OF KETONE ( j )

Benzhydrylamine

3

2

90

jg-Phenylethylaniine

1.5

k

8k

25

1

69

Cyclopentylamine

1

k

93

Cyclohexylamine

1

k

97

Cyclododecy1amine

1

h

97

2-exo-Bornylamine

The reagent is not suitable for oxidation of terminal amines
to aldehydes because intramolecular attack of the intermediate
Schiff base, Igj by the ortho-hydroxyl group results in the formation
of benzoxazolines (2

and benzoxazoles (26^ t
N /

0,

NH

25

26

The method of Ruschig, et al . , 29 for conversion of amines
to ketones by N-bromination followed by base-catalyzed elimination
to the imine, then acid hydrolysis had been the most effective method
before the introduction of this transamination reaction.

The method

developed by Corey and Achiwa is much milder and can be used for
compounds that are sensitive to either base or N-bromosuccinimide.

C.

Precedents for Polymeric Catechols

Examination of the literature revealed that extensive research,
begun in the late 19^-0's by H. G. Cassidy30 and continued since then
by him and his associates as well as by several other groups had
been done in the field of oxidation-reduction polymers.

This

field has been the subject of two comprehensive reviews by Cassidy
and Kun31 and by Cassidy. 32

Prominent among the structures

possessing redox capability that have been incorporated into

polymeric systems were hydroquinone and catechol.

Conditions for

the preparation of vinyl monomers and polymers containing hydro
quinone and catechol had been thoroughly explored.

These moieties

had also been attached to preformed polymeric supports.

Additionally

conditions for the oxidation of these moieties to the corresponding
quinones had been well developed.

Of particular interest to us

were the brief citations in both References
(p.

31 (p. 222) and 32

^7) of unpublished work by Harwood wherein an oxidized polymer

of 3,^-dihydrophenylalanine (DOPA, 27^ was found to catalyze the
oxidative deamination of glycine to formaldehyde.

It seems likely

that this reaction is mechanistically similar to the amine oxidation
designed by Corey and Achiwa.

Cassidy states that NH3 was a

by-product in Harwood's amino-acid oxidation, presumably via air
oxidation of the ortho-aminophenol to the imine followed by hydrolysi

0

fNH-CH-C}
Clfe

27
cw

Vinyl hydroquinone was first prepared by Updegraff and
Cassidy33 by decarboxylation of 2,5-dihydroxycinnamic acid and was
polymerized to a low-molecular-weight polymer.

Reynolds, et al . , 34

subsequently prepared vinylhydroquinone diacetate (3j2), which
could be polymerized to high molecular weight, by a Fries

90
rearrangement of hydroquinone diacetate (2 8 ) to 2 ,5 -dihydroxyacetophenone (2 9 ), hydrogenation to the corresponding alcohol (3 0 ),
acetylation to the triacetate (31), and finally, pyrolytic
elimination to the monomer, 3 ^ (Scheme 8 ).
Stern, English, and Cassidy35 published a general method
for the preparation of phenolic polystyrenes, in particular, vinyl

SCHEME 8

Preparation of 2,5-Diacetoxy Styrene Q52)

OAc

0H

o

OH

1, AlCla ,A
2. Hp O,H+

0H

Pd/c

OAc

OH

28

29

OH
JO

rs/v

Ac2 0

OAc

OAc
H=CIfe
< j*g=5Q5f.
-CH3 CQ2 H

OAc

32
7W

OAc
J
CH-CH3

hydroquinone and 3 -vinylcatechol from hydroquinone and catechol,
respectively.

In their procedure (Scheme 9 ) the hydroxyl groups

are protected by reaction with chloromethyl methyl ether to yield
the bis-methoxymethyl ethers Q53), base-stable acetals that can be
easily removed by acid hydrolysis after polymerization.

The

protecting groups were added in four steps, each consisting of the
addition of one equivalent of sodium methoxide to form the monosodium

SCHEME 9

Preparation of Acetal-Protected 3 “Vinylcatechol

OH
«
1. NaOMe. MeOH
2. CICH2OCH3

^

O

(88$)
32

33
Nv

1. n-BuLi

2. A
3. IfeO

OR
KOH
<
35
R * -CH2OCH3

a T M )'

HgCHaOH

salt followed by the addition of one equivalent of chloromethyl
methyl ether.

The authors state that if 100$ molar excess of

reagents were not added, or if the disodium salt were formed before
addition of chloromethylmethyl ether, yields were much lower than
the 88 $ yield obtained.

Treatment of

with n-butyl lithium

results in lithiation of a ring position ortho to a ring oxygen
(C-2 of the protected hydroquinone and C~3 of the protected catechol).
Reaction of the lithiate with ethylene oxide afforded the /}hydroxyethyl derivative, 3 ^ which could be dehydrated to the fully
protected vinyl monomer,

by dropping 3 ^ onto hot potassium

hydroxide with continuous vacuum distillation of the monomer.

D.

Background and Objectives

The idea upon which the research discussed herein is based
was conceived by Professor Daly during a report by this author
on the amine-oxidizing reagent developed by Corey and Achiwa. 18
For several reasons the attachment of an analogue of 3 ,5 -di-tbutyl-1 ,2 -benzoquinone (19^ to a polymer for utilization as an
immobilized amine-oxidation reagent seemed worthwhile:

(l) the

prototype is an elegant and unique reagent for effecting the oxida
tion of amines to ketones, a transformation of functionality that
can be quite useful during the course of a multi-step synthesis,
(2 ) the reported reaction conditions were simple, (3) yields of
ketones were high, and (h) it seemed likely that transformation
back to the catechol of the ortho-hydroxyamine by-product and

subsequent reoxidation to the active reagent would not be excessively
difficult.

Although purification of products in the prototype

system presented no particular difficulties, the immobilization of
the reagent proffered an obvious simplification of the product
isolation; furthermore, isolation of the intermediate Schiff base
before acid hydrolysis by filtering and washing the insoluble
polymers should allow an easy recovery of unreacted amine, which
could be used in excess, a feature not practical with the monomeric
reagent.
The potential for using the same catechol-containing polymer
as a possible precursor of any of the six bicyclic catechol deriva
tives, 2^- £ and exploiting the resultant immobilized reagents in the
gamut of reactions undergone by the monomeric prototypes gave the pro
ject an additional attractiveness. Particularly attractive among these
reagents because of its proven effectiveness in the synthesis of alco
hol phosphates relevant transformation is the phosphorylating reagent,
2-chloro-l,3,2-benzotrioxaphosph(v)ole (6 ^. The only real shortcoming
at the monomeric level in its utility in converting alcohols to phos
phate esters lies in the tedious separation procedures required:

at

various times during the course of the reaction precipitated base
•HC1 or *HBr salts must be removed; solvents must be removed by
evaporation; the intermediate diester is preferably crystallized
before the oxidative cleavage, not always an easy task; a liquidliquid extraction must be done at one stage; finally, after decolorization and concentration, the barium alkylphosphate must be
crystallized.

If the reagent were immobilized, all purifications

before the final release of the phosphate could be accomplished
merely by filtering and washing the polymer.

There would be no

necessity for isolating the intermediate phosphodiester as its
triethylammonium salt; furthermore, the oxidized catechol by
product in the final step would remain attached to the polymer.
The only impurities remaining would be inorganic.

Overall yields

should, therefore, be higher than is obtained from the low-molecularweight reaction, since, presumably, the conversion of each of the
three reaction steps would remain nearly quantitative.

The only

anticipated source of product loss would be in the final isolation.
An additional advantage to be derived from immobilizing the reagent
is the unique ability of such a reagent, due to the mutual isolation
of reactive sites, to yield solely monophosphorylated alcohols
frcm symmetrical diols, e.g., Qf,io alkanediols or symmetrical sugar
diols (cf. Refs. 49-51, Section I,discussed on p. 21,22).

An

excess of alcohol could be used in the first step of the reaction
and all unreacted alcohol could be recovered by simple washing of
the polymer.
The main thrust of this research throughout was toward the
development of the amine-oxidation reagent.

Some preliminary,

investigations aimed at development of an immobilized phosphorylating
reagent were begun.

II.

A.

RESULTS AND DISCUSSION

Synthesis of Catechol Derivatives for Immobilization
on Polymer

There are two primary conceptual approaches for immobilization
of functionalized catechol derivatives, though several variations are
possible.

The first is the synthesis of a vinyl monomer, suitably

blocked, which could be polymerized, deblocked, and further modified
as desired.

The other approach is the synthesis of functionalized

catechol that could be bound to a preformed polymer by some chemical
reaction.

Both approaches were taken during the course of our

investigations.

Several commercially available o-dihydroxyphenyl-

containing compounds were considered as possible precursors.

In all

synthetic schemes aimed towards the amine-oxidation reagent U-tbutylcatechol was used as the precursor because of the requirement
that bulky substituents be present to prevent Michael addition of
the amine to the oxidized ring.

Other compounds that were

investigated were (l) catechol, (2 ) 3 ,ij-dihydroxybenzoic acid,(3 )3 ,4dihydroxybenzaldehyde,
phenyl)ethylamine.

and (k) dopamine (2 - ( 3 7,47-dihydroxy-

Both k-t-butylcatechol and catechol itself must,

of course, be further functionalized by ring substitution.

Each

of the last three compounds named need only be protected and
modified for attachment

to a polymer.

It is well documented? 6 that aromatic protons adjacent to
phenolic ether oxygens can be abstracted specifically by alkyl

95
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lithium bases because of chelation between the oxygen and
the lithium ion.

A synthetic scheme conceptually similar to

that used by Stern, et al . , 35 in the synthesis of 3~vinylcatecholbis-methoxymethyl ether, a synthesis which took advantage of
this specificity, would seem acceptable for modifying either h_t~butylcatechol or catechol*either to vinyl monomers or to
nucleophilic compounds suitable for substitution on preformed
polymers.
A two-carbon vinyl-group precursor can also be appended at
the ^-position of catechol via a Fries rearrangement of catechol
diacetate, which affords 3>^"dihydroxyacetophenone?7 Subsequent
protection of the hydroxyls, reduction of the ketone to the alcohol,
and elimination should afford a vinyl monomer suitable for
polymerization.
An ester of 3>^"dihydroxybenzoic acid, with the hydroxyls
protected, should be capable of being reduced to the corresponding
benzyl alcohol, from which the alkoxide could be generated for a
displacement reaction on chloromethylated polystyrene.

Similarly,

3 ,^-dihydroxybenzaldehyde should be susceptible to the same series

of modifications.

In addition, a vinyl group could be constructed

via a Wittig reaction with a methylene ylide.

As will be shown

later, considerable difficulty was encountered with both of these
compounds in blocking the ortho-hydroxy groups as acetals; protecting
groups stable to base are requisite for any of the proposed subsequent
steps.

Dopamine would seem to be an ideal compound for attachment

to a preformed polymer (e.g., chloromethylated polystyrene), perhaps
without even the necessity for protection of the hydroxyls;
however, dopamine has a strong propensity to autooxidize and its
extreme solubility in water and relative insolubility in most
organic solvents makes it difficult effectively to protect its
hydroxyl groups in order to prevent oxidation.

Moreover, it is

relatively expensive.

1.

Syntheses of Vinyl Monomers
(a)

Isopropylidene-Blocked 3 -Vinyl-5-t>butylcatechol

The synthetic sequence directed ultimately towards the prep
aration of poly(3-vinyl-5 -t-butyl-1,2-benzoquinone) for use as an
amine-oxidizing agent is outlined in Scheme 10.

Lines of attack

that proved most fruitful are indicated by the darker arrows.
Our initial plan was to duplicate the scheme used by Stern, et al.,35
in their synthesis of 3-vinylcatechol-bis-methoxymethyl ether,
since seemingly the presence of the remote tert-butyl group should
not appreciably affect the reactivity of the system.
were unsuccessful in our attempts using this approach.

However, we
It was not

determined whether the failures were due to differences in
reactivities between the unsubstituted catechol and the ^-t:-butyl
catechol or to failure adequately to duplicate favorable conditions.
Since other avenues were successful, the question is moot.
Several unsuccessful attempts were made to block the
hydroxyl groups of 4-t-butylcatechol

by treating the

catecholate anion with chloromethyl methyl ether using conditions

SCHBflE 10

Preparation of Isopropylidene-blocked 3 -Vinyl-5 -Jt-butylcatechol

OH
OH
1. NaOCH^.CH^OH
2. GlCIfeOCH3

Unsuccessful

Multiple Products
acetone

1. n-BuLi, THF
y 2 . CH3 CHO
\ 3 . HaO+
(unsuccessful)
OH

1. CHaSO^Cl.CsHgN
2. Et3N, DMSO

identical to those employed by Stern, et al . 35

The base extraction

employed in the workup removed most of the material of the reaction,
indicating that the hydroxyl groups were not blocked or that only
one was blocked.

Further attempts to use the methoxymethyl ether

as a blocking group were abandoned since a concurrent attempt to
block the hydroxyl groups as the cyclic acetone ketal (isopropylidene)
by an acid-catalyzed condensation o f w i t h

acetone was successful.

Yields of 5-t-buty1-2,2-dimethyl-1,3-benzodioxole (ggj were greatly
improved when 2 ,2 -dimethoxypropane was used instead of acetone in
this reaction.38
All efforts to add the vinyl-group precursor by lithiation of
the C-7 position of ^7 followed by nucleophilic attack of the lithiate
on either acetaldehyde or ethylene oxide using conditions similar to
those used in Ref. 35 were unsuccessful.
procedure were also fruitless.
Experiment B.3*

Many modifications of this

These efforts are summarized in

It was not determined whether the failure of this

sequence lay in the lithiation step or in the addition step.

If

the failure of i)--£-butylcatechylisopropylidene (£T) to undergo
lithiation and/or addition is not due to an inherent unsusceptibility
to base attack or to an unreactivity of the resultant lithiate,
if it be formed, only two technique deficiencies suggest themselves:
(l) a possible failure in maintaining stringently dry conditions
throughout the reaction sequence (although rigorous precautions were
made to exclude all moisture) or (2 ) possible inappropriate conditions
for effecting the second step, the attack on the electrophile.

This

100

temporary impasse was surmounted when an alternative approach, that
of bromination followed by a Grignard reaction, was successful.
When

was allowed to react with 1.5 equivalents of

bromine and 3 equivalents of pyridine in CHC13 at 0° for three days,
^-bromo-6 -t>butyl-2 ,2 -dimethyl-l,3 =benzodioxole (%8) was obtained
exclusively in 80-95fo yield.

When ^7 was allowed to react with one

equivalent of Br2 in CHC13 in the absence of pyridine, a mixture of
non-specifically brominated products was obtained; furthermore,
there was some loss of the protecting groups.

When the bromination

was carried out at room temperature the pyridine•Br2

complex

apparently decomposed, resulting in a dark, insoluble, heavier-thanCHC13 oil which was not an active brominating agent and which would
eventually solidify.

The Grignard of £ 8 ^was readily prepared by

the reaction with magnesium metal in THF; the a~hydroxyethyl
derivative, 3J9, resulting from the reaction between the Grignard
reagent and acetaldehyde, was separated from the Zerewitinov by
product,

by fractional distillation and could be purified by

recrystallization from petroleum ether.
A simple, one-pot elimination of the methanesulfonate
was effected by treatment of the alcohol,

of 359^

with methanesulfonyl

chloride in pyridine and benzene to form the mesylate, which,
without its being separated from the pyridinium hydrochloride,
underwent a facile, quantitative elimination to the desired vinyl
monomer,

when treated with triethyl amine and DMSO (Added to

keep the mixture homogeneous) at 50°*

This method is not expected

to be generally applicable, since similar conditions are known in

most cases to result in chloride substitution.
isolate the mesylate of

All attempts to

were unsuccessful because of its

exceptional propensity to eliminate.

(b)

If-Vinyleatechol

Two proposed routes for the preparation of lf-vinylcatechol
are outlined in Scheme 11.

When preliminary efforts were unsuccessful

we did not pursue these routes further, since our experience with
poly(3-vinyl-4-_t-butylcatechol) had indicated that more active
catechol-derived polymer reagents could probably be obtained when
the catechol moiety was immobilized via attachment to preformed
polymers.

The efforts that led to this conclusion will be

discussed later.
3 ;,h '-Dihydroxyacetophenone

has been synthesized by a

Fries rearrangement of catechol diacetate (^).

Classical

Friedel-Crafts conditions using nitrobenzene as solvent and twoor three-fold excess of aluminum chloride have been most often used.
Rosenmund and Lohfert39 reported lfO$ yield using these conditions.
Using a modification of the procedure reported by Reynolds, et. al . , 34
in their preparation of 2 ,5 -dihydroxyacetophenone, we obtained
nearly quantitative conversion to a mixture of 3 “ and If-acetyl catechols (2 / ,3

and 3

4 '-dihydroxyacetophenone;

and 42^

respectively) consisting of greater than 90$ of the latter.

In

our procedure, ^ w a s mixed with three equivalents of AICI3 in
an open beaker without solvent and was heated to I3 O0 for two hours;
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Proposed Routes to the Preparation of 4-Vinylcatechol
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after cooling, the solidified mass was pulverized; an additional
equivalent of AICI3 was mixed with the powdered reaction mixture
and heating at 130 ° was resumed for another hour.
The base-stable isopropylidene blocking group was desired
for subsequent transformations of 4^ an attempt to effect the
reaction of k^with 2 ,2 -dimethoxypropane in the presence of £toluenesulfonic acid failed.

No attempt was made to separate the

products of the reaction for positive identification; however,
nmr analysis of the crude product after workup indicated that an
aldol condensation had probably occurred.
functionality was protected by acetylation.

Therefore, the catechol
3 /A /-Dihydroxy

acetophenone (42) was quantitatively diacetylated with acetyl chloride
in the presence of pyridine to yield 3 ,,4/-diacetoxyacetophenone 4-4-^
Bk = CH3 C0 ).

Since |A^was much more easily purified by vacuum

distillation, followed by recrystallization, than was 42^, in
subsequent repetitions of this reaction, 42 was diacetylated without
purification.
37

Overall yield or 44 from 42 was J0% after purification.

/-Diacetoxyacetophenone (j-A) was quantitatively reduced

to l-(3',4-'-diacetoxyphenyl) ethanol (kgj Bk = C%CO) by treatment
with sodium borohydride (NaBR*) in absolute ethanol at 0°.

Because

of alcoholysis of the ester blocking groups, isolated yields decreased
considerably if the product were not isolated immediately after
reduction was complete (ca. 20 minutes).
There are several methods which would probably effect the
dehydration of 4 ^ to the vinyl monomer,

Our initial efforts to

eliminate the mesylate of 4 ^ were unsuccessful and further efforts

were not made.

Among other methods that might prove fruitful are

acid-catalyzed dehydration, pyrolytic elimination of the acetate of
lj^ 33 or elimination of the mesylate or tosylate of ^5 using a
nonnucleophilic base.

If this pathway is to be pursued, the

hydrolytic stability of the acetate blocking groups in the preferred
suspension polymerization conditions, .i.e., aqueous suspending
medium at 80 °, should be determined; if hydrolysis occur, the
resultant ^-vinylcatechol would inhibit polymerization.

Protecting

groups with greater water stability would in that case be required.
The alternative pathway to
was also explored.

from 3 ,4-dihydroxybenzaldehyde

The isopropylidene protecting group was

again the first choice, but efforts to add that group to jjT were
unsuccessful.

When

was treated with 2,2-dimethoxypropane in the

presence of jj-TsOH at room temperature for 2ty hours, the dimethyl
acetal of

was obtained as a result of transacetalization, instead

of the desired cyclic isopropylidene.

In a different approach, ^7

was treated with acetone and £-TsOH in benzene with continuous
azeotropic removal of water.

The nmr spectrum of the crude product

mixture indicated that dimerization (or possibly oligomerization),
by formation of acetals between the aldehyde and the o-dihydroxy
groups, had occurred.

No attempt was made to purify this product

mixture for positive identification.
acetyl protecting groups.

Instead it was decided to employ

Treatment of

with acetyl chloride in

the presence of pyridine afforded 3>^“diacetoxybenzaldehyde
Bk = CH3 C0 ).
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Two attempts to prepare the vinyl monomer, 46^(BK = CH3 C0 ),
by the reaction of triphenylphosphorane methylide with 3 ,4 -diacetoxybenzaldehyde (48^) failed.

In the first reaction, the ylide

was prepared by the reaction of triphenylmethylphosphonium bromide
with n-butyllithium;

excess butyllithium

resulting in attack of butyllithium

was inadvertantly added,

both on the acetate groups,

to form butyl methyl ketone, and on the aldehyde, to form aryl butyl
methanol.

These products were identified tentatively by nmr analysis

of the crude product; no attempt was made to isolate them for sub
stantiation.

In the second attempt, methyl sulfinyl carbanion was

used in the preparation of the ylide.

Only a small amount (< 5$

of theoretical) of crude material was isolated by ether extraction
of the reaction mixture after dilution with water.

It is likely that

the ylide attacked the sensitive ester protecting groups; with
their loss, the catechol derivatives (4-carbaldehyde or 4-vinyl)
would be only difficultly removed from the basic aqueous layer by
ether extraction.

Work by Bohlmann and Inhoffen40 and by House and

Rasmusson41 has shown that Wittig reactions on carbonyl compounds
that contain labile esters can be effected by the use of inverse
addition, rather than the normal addition of the carbonyl compound
into the ylide.
tion of 46.

This method might be profitably used in the prepara

Furthermore, a more stable blocking group, such as the

benzoate, should be used.

The benzoate would also be superior to the

acetate in resisting hydrolysis during the suspension-polymerization
step.

2.

Syntheses of Nucleophilic Catechol Addends
When only nominal success was achieved using polymeric amine-

oxidizing reagents prepared by modifying copolymers of 6 -t-butyl,2 ,2 -dimethyl-k-vinyl-1 ,3 -benzodioxole (kO), the polymerization and

further modifications of which will be discussed in Section B, we
embarked upon the alternative course, that of immobilizing the
benzoquinone precursor via nucleophilic displacement on chloromethylated polystyrene.

Following is a discussion of the syntheses

of several compounds suitable for such a displacement (Scheme 12 ).
Since the chemistry involved is relatively unsophisticated, only a
cursory examination will be given to some of the problems involved
in the syntheses,
At the onset it seemed that alkoxides should be ideal
nucleophilic entities for the displacement on the benzyl chloride
position of chloromethylated polystyrene, and since the synthesis of
the secondary alcohol vinyl-group precursor

had proceeded with

facility, it was felt that a Grignard reaction with formaldehyde
or ethylene oxide presented the obvious approach to the preparation
of primary alcohols suitable for immobilization via ether linkages.
The reaction of the Grignard with formaldehyde and with
ethylene oxide to produce the hydroxymethyl derivative V 2 and the
2 -hydroxyethyl derivative £0 ^ respectively, resulted unfortunately

in low yields; many variations in reaction conditions were in
effectual in improving

yields.

However an adequate amount of each

compound was made for conducting the planned immobilization
reactions, and for the further modification of

to its thiol

SCHEME 12

Syntheses of Nucleophilic Catechol Derivatives
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analogue,

a compound that was desired for its anticipated superior

nucleophilicity and weaker base strength.
The problems encountered in the conversion of the alcohol
^

to the thiol ££, an apparently trivial transformation, were

nefariously difficult to overcome, primarily because of this research
er's chronic tunnel vision.

The j>-toluenesulfonate of 50;

was prepared without difficulty.

However, all efforts to prepare the

thiol from 51 by the reaction with thiourea followed by base
hydrolysis42

failed.

A compound was isolated in high yield from

this reaction that gave a negative thiol test with ethanolic Pb(0Ac)2 ,
exhibited no characteristic S-H absorption in the infrared spectrum,
and which had in the nmr spectrum the symmetrical multiple! of an
AA’BB1 four-spin system, instead of the expected AA'BB'X multiplet
expected of the thiol.

The compound was assumed to be a disulfide,

formed by air oxidation of the desired mercaptan, a not unexpected
product, given the basic conditions employed and the minimal efforts
made to exclude oxygen.

Further efforts to conduct the reaction

and product isolation in inert atmosphere and in reducing medium
were unsuccessful in changing the course of this reaction.

Several

attempts were made to reduce this compound to the thiol using
methods known to effect such a reduction; the starting compound was
recovered intact each time.

Although concurrent efforts were made to

synthesize the desired mercaptan by other routes, this synthetic
method was returned to at various times in a Sisyphean
"make" it work.

effort to

Finally, an elemental analysis of the pure compound

was obtained, which clearly demonstrated its nonidentity with the
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disulfide; analysis agreed, in fact, almost identically with that
calculated for the sulfide £2.

This compound probably resulted from

an incomplete reaction of thiourea with the tosylate

leaving

in solution at the time base hydrolysis of the isothiuronium the
intermediate and the tosylate, which underwent displacement by the
mercaptan released by the hydrolysis.

Such a course for this reaction

was unexpected and has still not been rationalized, since conditions
for the first step of the reaction, displacement of tosylate by
thiourea were varied widely and in several cases were more rigorous
than those reported in the literature42 for the analogous reaction of
thiourea with a primary alkyl chloride.
The reaction of potassium 0-2-phenyl-2-propylthiocarbonate
(cumyl Bender's salt) with aliphatic compounds possessing displaceable
groups affords S-alkyl-O-cumylthiocarbonates.43

These compounds were

shown by Chien-da Lee43 to undergo facile thermal cleavage to mercaptans with the loss of CO2 and a-methyl styrene at reasonably low
temperatures.

The mercaptan 5 ^ was prepared by this sequence: the £-

toluenesulfonate ^ w a s allowed to react with the cumyl Bender's salt;
the resultant thiocarbonate underwent the thermal cleavage in refluxing ethanol to afford ^

in 85$ yield from £1.

An attempted synthesis of isopropylidene-blocked 3 A-dihydroxybenzyl alcohol (%$)> which was desired as a nucleophilic, non-sterically encumbered catechol derivative for immobilization, failed when it
proved impossible to prepare the blocked precursor, £8^ after several
attempts using a variety of forcing conditions.
Another approach to the appending of a nucleophilic group to
l|-jt-butylcatechol was suggested.

Under the influence of a Lewis-acid

catalyst, e.g., boron triflouride, chloromethyl methyl ether should be
readily substituted on l(--t-butylcatechol, probably at the 6-position,
to yield 5 -_t-butyl-3 -chloromethyl-1,2-dihydroxybenzene (60 ), a
compound that could be then protected as the base-stable isopropylidene cyclic acetal and should be amenable to transformation to the
corresponding mercaptan, 61.

This proposed method would represent a

singular improvement over the approaches which were taken, since fewer
steps are involved and the capricious Grignard reaction would be
avoided.

The same approach could be taken with the parent compound,

catechol itself, and could be expected to afford a mixture of 3" and
5-chloromethyl catechol.

ClfeSH
60

61

B.

Preparation and Modifications of Polymer-Immobilized Catechols

1.

Polymerization and subsequent reactions of 6 —Jt--Butyl-2,2dimethyl-4-vinyl-l,3“benzodioxole

.

A series of copolymerizations of monomer i+O^with styrene to
low conversion using varying molar ratios of the two monomers was
done in order to determine their reactivity ratios in free radical
copolymerization.

The reactivity ratio, rj, or r2 , is a measure of

the relative reactivity of the radical terminus of a growing
polymer chain whose last added unit is unit 1 or unit 2, respectively,
with its own monomer and with the other monomer, i.e., the ratio
of rate constants for homoaddition over cross addition.44

Ill

Reactivity ratios can be determined by comparing the molar ratios of
the two units contained in the copolymer with the molar ratios of
the monomers in the reaction mixtures over a range of concentrations.
Conversion of monomer to polymer must be <10% in order that the
monomer concentrations be, to a close approximation, unchanged from
the initial concentrations.
A plot of monomer composition vs. copolymer composition
(mole fraction 40 in monomer mixture, Mi, vs. mole fraction 40 in
copolymer, mi) resulted in a straight line with slope = 1 ; i.e.,
copolymer composition was the same as monomer mixture composition
at each concentration.

From these data, it can be determined that

r i « r 2 » 1;i.e., there is very little preference of a radical terminus
containing either unit for one monomer over the other; hence, it
can be predicted that random copolymers will result from the
polymerization of these two monomers and that copolymer composition
will be independent of the extent of conversion and, moreover,
will be equal to the initial monomer concentration —

a so-called

"ideal" copolymerization system.
Cross-linked terpolymers of 40^ and styrene (1:5 or 1:6) with
divinylbenzene (2 -5 %) crosslinker were prepared by suspension
("pearl") polymerizations, 45 a technique that results in small,
spherical beads suitable for further modifications.

As long as the

bead structure remained intact, suction filtration of solvents and
reagents from the polymer in a fritted-glass funnel was easy;
however, the beads sometimes disintegrated into a fine, difficultto-filter powder.

This often happened in the reactions in which
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the polymer was exposed to the acidic, aqueous conditions required
in some of the hydrolysis reactions.
by Cassidy32 to be not uncommon.

This phenomenon is reported

It was never observed with the

modified chloromethylated polystyrene beads purchased from Polyscience,
although the bead disintegration did occur with the chloromethylated
polystyrene beads we prepared.
The catechol moieties in the terpolymer were freed by acid
hydrolysis, effected in refluxing benzene, a swelling solvent,
containing p-toluenesulfonic acid and a small amount of water.
Infrared analysis (diminution of the absorption peak at 8.1p,
atrributable to the acetal C-0 bond and appearance of a strong band
at 2.9 -3 .Op, attributable to OH stretching) indicated that the reac
tion had proceeded as expected, though probably not quantitatively.
Later, more effective means for deprotection of the catechol were
developed.
The oxidation of the catechol moieties to 1,2-benzoquinones
for subsequent utilization in the amine-oxidation reaction was
effected by chlorine gas.

Bright red polymers exhibiting strong

carbonyl absorption at 5*8p, resulted.

Weight gain indicated that

concomitant chlorination had occurred.
Cyclohexyl amine was chosen to test the efficacy of the
benzoquinone-containing polymer reagent in effecting the oxidation
of amines to ketones and was used in all subsequent attempts.

The

conditions for this reaction are described in detail in Exp. E. 1
and descriptions of the results of the reaction on some specific
reagents can be found in the legend to Table

8 .

Several

attempts with cross-linked terpolymer reagents similar to that
described above, prepared with varying amounts of divinylbenzene,
varying proportions of monomer kO to styrene, and with varying
conditions for effecting deprotection of the catechol and oxidation
to the active reagent failed to produce cyclohexanone in high yield.
The oxidation of cyclohexyl amine to cyclohexanone was observed by
gas chromatography, but yields were usually under 10$, based on
the number of catechol precursor units introduced into the polymer.
When the amine was added to the reagent, there was an immediate
color change from the bright red of the oxidized form to a deep9
forest green, which changed within about 10 minutes to a reddishorange.
type,

These color changes paralleled those observed when the proto3>5“di-t.-butyl-l,2-benzoquinone, a ^eeP

subjected to the same conditions.

compound, was

Infrared analysis of the inter

mediate polymer before the final acid hydrolysis step revealed
complete disappearance of the carbonyl absorption at 5 «8 |jb,
indicating that reaction of the amine with the benzoquinone had been
quantitative.

Indeed, a sample taken within seconds after intro

duction of cyclohexyl amine, washed free of the reactant and dried
in vacuo, had no carbonyl absorption band in the infrared spectrum.
However, elemental analysis revealed incorporation of less than 30$
of the theoretical amount of nitrogen calculated for the intermediate
Schiff base, assuming all catechol sites had been freed and
oxidized; thus, it can be assumed that the deblocking and/or the
oxidation step was far from quantitative.

Since the observed amount

of cyclohexanone was far less than 30 $> it was thought that the

difficulties lay in the two hydrolysis steps, the deprotection of the
catechol moiety and the final hydrolysis to release cyclohexanone.
In order to improve yields in the hydrolysis step, it was
felt that the hydrophobicity of the polymer must be reversed; to
this end, hydrophilic quaternary ammonium salt units were appended
to the phenyl-ring portion of the support by the preparation of a
quatrapolymer of monomer

styrene, vinylbenzyl

chloride (6 0 :^ 0

mixture of meta:para obtained from Dow Chemical Co.), and divinyl
benzene (l;!}-:1 :0 .0 2 ) and then allowing trimethylamine
with the resultant polymer.

to react

Nearly quantitative conversion to the

quaternary ammonium chloride was achieved, which was expected to
impart considerable hydrophilicity to the polymer; indeed, the beads
could be swollen in methanol and to some extent, in water.

A

noncross-linked polymer prepared in this manner was readily soluble
in water and methanol, but was insoluble in benzene, a complete
reversal of the solubility properties of the immediate precursor.
The isopropylidene blocking groups were removed in re fluxing water/
THF (50:50) adjusted to pH 2 with sulfuric acid; the beads were
suspended in methanol and chlorine gas was admitted to oxidize the
catechol groups to the active benzoquinone form.

Infrared

analysis

of the reagent indicated that the removal of the blocking groups
had proceeded more nearly to completion than was observed in the
more hydrophobic polymer, but no great improvement in yields was
obtained when the amine oxidation was carried out.
At this point it seems obligatory to interject a brief
discussion of the problems encountered in analyzing the various

resin reactions.

When reactions do not proceed as planned it is

incumbent upon the organic chemist to discover what has transpired.
He or she accomplishes this task by a variety of methods; foremost
is the separation of by-products and the determination by various
analytical or chemical means of their identity.

Available are a

plethora of elegant separation techniques and analytical instruments.
However, with the cross-linked resin reagents, not only is separation
of immobilized by-products impossible, but also only a limited number
of analytical techniques are available.

In many cases the change

in weight was the only reliable indication of the success or
failure of a reaction.

The use of many of the invaluable spectro

scopic means for identification of organic compounds is precluded
by the total insolubility of the resin in all solvents.

One is

thus reduced to relying upon data obtained from elemental analyses
and infrared spectra.
Elemental analysis can be very instructive when an element
not found elsewhere in the polymer is introduced or lost in a
reaction (but is not introduced or lost in a competing reaction);
however, when such is not the case, the analysis is often virtually
useless.

At all times one is analyzing what is in effect an

inseparable mixture, and with every step in a reaction sequence
that does not proceed to completion, and few do, at least one more
compound is added to the mixture.

Furthermore, the routine analysis

of elements other than carbon, hydrogen, and nitrogen can be
prohibitively expensive.

The infrared spectra of the resins in KBr pellets can give
one a qualitative idea of the functional groups present, but once
again there are limitations.

Often it was impossible to prepare a

KBr pellet of the resin that was not virtually opaque.

Furthermore,

even with ideal sample preparation, the spectra usually exhibit
broad absorption bands.

It is often possible to mask the background

by running the spectrum of a modified resin with a sample of the
unmodified resin in the reference /beam.

The concentrations of each

resin and the thickness of the pellets must be nearly identical.
An example of enhancement by this technique can be seen by comparing
IR Spectrum No. XIII, a deblocked catechol substituted on chloro
methylated polystyrene vs. chloromethylated polystyrene in the
reference beam, with IR Spectrum No, XII , a similar material without
the reference sample.
Chemical means for determining the extent of a reaction have
been used successfully, 46 but these rely upon a quantitative reaction
with the analytical reagent and are thus of limited applicability.

2.

Preparation of catechol reagents by nucleophilic substitution.
It was decided that the nucleophilic substitution of blocked

catechol derivatives on chloromethylated polystyrene would be
investigated.

This method represented an attractive alternative

to the incorporation of the reagent precursor into the polymer chain.
Assuming that there are degrees of accessibility to different
sites within the interstices of a cross-linked polymer caused by
randomly interspersed high concentrations of crosslinking agent

or other factors that might hinder access, a substitution reaction
by a nucleophile should occur only on the most accessible benzyl
chloride positions of the resin,* thus, the modified reagent should
have few active sites in areas hindered to free access.

There is,

moreover, the possibility of designing a matrix upon which only
surface substitution is possible by using a high percentage of
crosslinking agent, thereby reducing the size of the pores permitting
access to the interior?T,48With this concept, diffusion difficulties
should be minimized.

The small surface area-to-weight ratio presents

the potential problem of having an unreasonably low degree of sub
stitution per unit weight of resin; obviously it is desirable that
bead size be minimized so that the surface area will be relatively
large.
The first attempt to prepare an amine-oxidizing reagent by
nucleophilic substitution on chloromethylated polystyrene was with
a support prepared by a suspension polymerization of a 1 :^ mixture of
divinylbenzene and styrene, which it was hoped would be susceptible
to functionalization only on the surface of the beads.

In order to

achieve a smaller bead size than was obtained in previous sus
pension polymerizations, the viscosity of the aqueous suspending
medium was increased by doubling the amount of thickener used and
increasing the stirring rate.

The bead size was somewhat smaller than

before, but not enough to make a significant difference in the
surface area-to-weight ratio.

The chloromethylation was effected

by the reaction of the polymer with chloromethyl methyl ether in
chloroform using zinc chloride catalyst.

It was calculated from
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chlorine analysis that the chloromethyl concentration was b.9 meq/g,
or approximately "JO mole per cent substitution; .i.e., 87 $ of the
styryl units were chloromethylated if no divinylbenzene units were.
The sodium alkoxide of the hydroxymethyl derivative,

was allowed

to react with the chloromethylated support; weight gain and
chlorine analysis indicated approximately 12$ substitution, an amount
too large to be compatible with solely surface substitution.

The

resin was then allowed to react with methanethiol in an effort to
displace the most accessible of the remaining chlorides so that in
the amine-oxidation reaction, the competitive amine displacement
of chloride would be minimized; such a side reaction would result in
misleading analyses.

Sulfur analysis indicated only a small amount

of chloride displacement in this reaction.

The diminished intensity

of the absorption band at 8.1^ (acetal) and the prominent OH
absorption in the ir indicate that extensive thiolysis of protecting
groups had occurred in the acidic conditions generated upon the
release of HC1 during the thiol displacement.

This observation

suggested that the use of a mercaptan in the deprotection step would
represent a substantial improvement over the aqueous hydrolysis
previously employed.

Butyl mercaptan was used in the presence of

j>-toluenesulfonic acid and benzene solvent to effect complete
removal of the isopropylidene groups.

The resin was oxidized with

chlorine and was used in the amine-oxidation reaction.

The yield

of cyclohexanone was substantially improved over those obtained
previously —

ca. 5

based on the number of protected catechol

moieties introduced in the substitution; in fact, this represents

a higher yield than any obtained in subsequent modifications.

Most

of the subsequent reactions were conducted on a commercially
available 2$ cross-linked chloromethylated polystyrene obtained from
Polysciences.

This resin was stated by its maker to contain 2.1-2.3

meq Cl/gm; however, chlorine analysis showed a concentration of If-.3
meq Cl/gm.
Since the preparation of alcohol £0^ was somewhat easier than
that of

(formaldehyde tended to polymerize on contact with the

glass surfaces of the reaction vessel, rendering it difficult to
maintain an ample concentration of formaldehyde in the reaction) £0^
was used as the precursor to the immobilized catechol.

The

alkoxide of £0^ was generated by the reaction with sodium hydride.
Conditions for the substitution reaction were varied widely, but the
percent substitution was never greater than 25 % of the chloromethyl
groups.

Excesses of alkoxide as large as three-fold were used;

the larger excesses resulted in higher degree of substitution than did
equivalent amounts or slight excess, but 2 0 -25 $ seemed to be the
upper limit.

Benzene, DMF, and THF were used as solvents, but little

difference in degree of substitution was seen when solvent was varied.
Reaction temperature also had little effect on degree of substitution.
Reactions were run at room temperature, refluxing benzene, and
refluxing THF; heating DMF to 60° resulted in a reaction of the
alkoxide with DMF with the release of dimethylamine.

Extended

reaction times (beyond 25 hours) also gave little improvement.

When

the resin was washed free of solvents and reagents in the usual
manner after a 2 I4- hour reaction time and was then allowed to react

with an excess of alkoxide with the same reaction conditions for an
additional 2b hours, the degree of substitution, as measured by
weight gain, remained the same.

There seems to be an inherent limit

to the degree of substitution that can be obtained in the reaction
of the alkoxide of
polystyrene used.

with the particular sample of chloromethylated
There is an example in the literature49 of an

alkoxide reaction's being used to place a protected 1 ,2 -diol on
chloromethylated polystyrene giving 128% conversion of chloromethyl
groups to ether linkages (as calculated from weight gain) using
10.5 equivalents of alkoxide.

We were unable to match that.

Butyl mercaptan was again used in the presence of ]3-toluenesulfonic acid and refluxing benzene to remove the protecting groups.
In a later reaction, 2-mercaptethanol was used with p-toluenesulfonic
acid in DMF at 70° to effect this liberation of catechol.

Both

methods were satisfactory, as evidenced by diminishing of the ir
absorption band at 8.1^ attributable to the acetal.

The latter

method would be expected to give a more facile transacetalization
reaction, since the cyclic by-product would be formed more readily.
Oxidations to the active benzoquinone reagents were effected
with chlorine as before and resulted in polymers exhibiting the
characteristic carbonyl absorption at 5 .8 p. in the infrared spectra.
Three other methods were also used.

Cerium(iv) ammonium nitrate

(Ce(NH4 )z(NO3 )6 ) in acetonitrile made slightly acidic with acetic
acid was used in one oxidation.

The extent of the oxidation was not

determined, but infrared evidence indicated that it occurred to
some extent.

Potassium nitrosodiulfonate (Fremy's radical;

5 0

•0 -N(SQ3 K)2 ) was also used in DMF/water containing K2 HPO4 buffer.
Again there was infrared evidence that the oxidation proceeded.
fourth

The

oxidation method tried seemed to be the superior method.

A mixture of dimethyl sulfide (DMS), N-bromosuccinimide (NBS), and
triethyl amine has been shown to effect the oxidation of catechol
to o-benzoquinone.2 4 When a suspension of a catechol-containing resin

r=B

0

(CH3 )2S + Br-N

*

©
(CH3 )2 S-N,

0

Et3NHBr + H-

+ (CHa)2S

+

c

c

0

in DMF was allowed to react with the ternary mixture of NBS, DIB,
and triethylamine

for 2k hours, the resultant polymer exhibited

an exceptionally prominent carbonyl absorption peak at 5 .8 p, in
the ir.

This method does not give the concomitant halogenation

that Cl2 does.
The amine-oxidation reactions were conducted as follows; the
resin reagent was suspended in THF; a small equivalent excess of
cyclohexyl amine was added to the stirred suspension and quantitative
gas chromatography was used to follow the consumption of amine;
methanol was added to afford a protic medium to enable the prototropic
rearrangement to occur; after an hour the polymer was filtered,

122

gfeOH >

washed free of reagents, dried, and a sample was taken for analysis;
the intermediate reagent was then resuspended in THF/CH3 OH/H2 O and
oxalic acid was added to adjust the pH to 2-4; gas chromatography
was used to detect cyclohexanone in the solvent.
The series designated F.I-F.5 in Table 8 Experimental Section
D was highly instructive in our attempts to get an understanding
of what was happening in this system.

The disappearance of cyclo

hexyl amine from the solvent was seen to be quantitative in less than
one hour.

Elemental analysis of the intermediate polymeric reagent

before acid hydrolysis, which was washed with water and methanol to
remove surface impurities only, showed 2 .8 1 $ nitrogen, or 2 . 0 1 milliequivalents per gram, which is approximately the total amount of
cyclohexyl amine added in this reaction.

The decrease in the

percent chlorine (from 26.40$ to 2 2 .15$) can be almost entirely
attributed to the increase in total weight of the sample caused by
the addition of the cyclohexyl amine.

Total loss of nitrogen after

the final acid hydrolysis step and concomitant increase in per cent
chlorine (though less than the decrease in the previous step) reveal
that the amine neither displaced chloride nor added permanently
to the o-benzoquinone, but nevertheless was strongly attracted to

the interior of the polymer by non-bonding forces.

There was no

cyclohexanone detected in this reaction.
In another reaction, the G series in Table 8 Experimental
Section D, in which trimethylammonium

chloride groups were attached

to the polymer reagent, cyclohexylamine

consumption from the bulk

solvent (THF) was seen to be 7 6 $ complete in fifteen minutes.

After

50 minutes, only 14% of the originally added cyclohexylamine

remained.

At this time, one milliliter C % O H was added.

one minute, only 0.2% of the amine remained.

Within

In the hydrolysis

step, cyclohexanone was detected in trace quantities after 15
minutes, increasing slowly to a maximum equivalent to about 5 %
yield after I .25 hours.

When the polymer was filtered and washed

with THF/CH3 OH, a significantly greater amount of cyclohexanone was
detected in the filtrate.

The yield was estimated to be 30-40% by

quantitative gc (the total volume of the filtrate was not measured).
This indicates that the cyclohexanone, like the cyclohexyl amine,
was preferentially held within the polymer, a more compatible
environment than were the more polar conditions existing in the
aqueous acidified bulk solvent.

The erroneous assumption that

cyclohexanone would be distributed homogeneously in the solvent
and the polymer may have led to some misleadingly low estimations
of yields in previous experiments, since yield was calculated
entirely from gc analysis of the bulk solvent.
Bnphasis was shifted at this time from an effort to upgrade
yields in the amine-to-ketone transformation by redesigning and
modifying the basic support to one of upgrading the efficiency of

the substitution reaction by which the catechol moiety is immobilized.
In order to determine the susceptibility of the chloromethylated
polystyrene to nucleophilic substitution, the resin was swollen in
DMF and allowed to react with potassium 0-£-butylthiocarbonate,
which has been shown by C. D. Lee43 to react with chloromethylated
polystyrene to give 95 $ conversion to the t:-butylthiocarbonate.
With conditions identical to those employed by Lee, this resin was
shown by weight gain and thermogravimetric analysis (quantitative
cleavage of CO2 and isobutylene at 225 °) to have undergone 39 $
substitution; exposing the resin to the same conditions a second
time failed to increase conversion.

Another reaction which in

variably results in near quantitative displacement of chloride on
chloromethylated polystyrene is that with trimethylamine
the quaternary ammonium salt.

Trimethyl amine

to yield

reacted with the

resin from Polysciences, previously partially substituted as the ether
of £0 ^ to leave 25 $ of the benzyl chloride positions unsubstituted.
This evidence clearly indicates that the resin has a high number of
inaccessible sites.

Since alkoxide reactions proceeded to a far

lower degree of substitution than did the thiocarbonate or tertiary
amine substitutions, it is obvious that the cause of our difficulty
in obtaining high conversion is twofold.
It was hypothesized that the low reactivity of the alkoxide
might be due to its strong base character.

Holding its accompanying

cation rather tightly, it might encounter more difficulty gaining
admittance to the apolar milieu of the polystyrene matrix than would
a less polar nucleophile, such as an amine or a sulfur anion.

Since

125
a thiolate anion is not only a softer base than is alkoxide, but is
also a stronger nucleophile, we culminated our efforts to introduce
the catechol moiety to chloromethylated polystyrene by preparing
the thiol analogue of £(X, and using it as its potassium salt in
the reaction with the resin.

Due to the limited quantity of ^

available, in the one reaction of it with chloromethylated
polystyrene, less than one equivalent of the nucleophile was used;
nevertheless, 2 9 $ substitution was obtained, an amount greater than
any obtained with the corresponding alkoxide.

This one reaction

convinces us that the thiolate represents a superior means for
introducing the blocked catechol moiety to chloromethylated
polystyrene.

5.

Preparation and Use of Immobilized o-Phenylene Phosphorochloridate
Immobilized dopamine (6£J prepared by the reaction of dopamine

(62) with chloromethylated polystyrene was modified by allowing it to
react with phosphoryl oxychloride (POCI3 ) in the presence of pyridine.
Elemental analysis (increase in per cent chlorine approximately equiva
lent to amount of phosphorus

found) indicated that the available

catechol moieties were 5 7 $ transformed to the o-phenylene phosphoro
chloridate (6 b)- The reagent was allowed to stand with occasional
swirling in the presence of tetrahydrofurfuryl alcohol (6 ^) and
pyridine in THF and benzene for 2k hours; analysis indicated that no
reaction had occurred.

The resin was subjected to hydrolysis

conditions; analysis of the second intermediate (possibly 66)

confirmed that hydrolysis had occurred.

Oxidation in bromine water

buffered with barium acetate released barium phosphate.
There is strong, though not conclusive, evidence that the
first step of this reaction sequence, the formation of 6kj was
successful.

The reasons for the reagent's not reacting with the

alcohol are not known.

Certainly further investigations of this

reaction are justified, for it s e a s likely that conditions could
be found by modification of the support, solvents, and/or the
alcohol used, whereby this reaction could be effected.
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Summary
Enthralled with the potential benefits to synthetic chemists

proferred by immobilized reagents, we embarked upon this endeavor
hoping to develop a new and useful series of polymer reagents
derived from catechol.

We fell short of our expectations, but did

establish a foundation that should enhance the changes of success in
later efforts.

Methods were developed for immobilizing protected

catechol derivatives on preformed polymers and for liberating the
catechol moiety for further modification.

The immobilized o-

benzoquinone moiety was successfully prepared by oxidation of
immobilized catechols; however, only limited success was achieved in
attempts to oxidize amines to ketones with the reagent.

Preliminary

attempts were made to phosphorylate alcohols with immobilized
o-phenylene phosphorochloridate.

These attempts were unsuccessful,

though we feel that there is some likelihood of success with further
modifications.

The o-phenylene phosphorochloridate reagent, because

of its potential advantages over the low-molecular-weight prototype
and because of the interest among biochemists in preparing alcohol
(i.e., sugar) phosphates, should take priority in further research
efforts.

HI-

PART A

EXPERIMENTAL

General Information

Solvents and reagents of commercial reagent grade were used
in all syntheses described herein.

When special solvent purity or

dryness was necessary, methods described in "Purification of
Laboratory Chemicals", by Perrin, 51 et. al., were used.
Elemental analyses were performed by Galbraith Laboratories,
Knoxville, Tennessee, or by Mr. Ralph Seab, LSU-BR.

Melting points

were determined on a Thomas-Hoover Capillary Melting Point Apparatus
and are uncorrected.
Infrared spectra (ir) were recorded on a Perkin-Elmer
Infracord Model 137 spectrometer.
Nuclear magnetic resonance spectra (nmr) were recorded on
a Varian Associates HA-60 Spectrometer.

Chemical shifts are

reported in ppm (6 ) downfield from internal tetramethylsilane (TMS)
reference, and the usual notations are used to describe the
spectra:

s = singlet, d = doublet, dd = pair of doublets, m

=

multiplet, b = broad, etc.
Gas chromatography (gc) was conducted on a Hewlett-Packard
Model HP 5700A GC equipped with a Model HP 3373B Digital Integrator.
GC-Mass spectroscopy was performed by Mrs. Paula Moses and Dr. Paul
Moses on a Hitachi Perkin-Elmer Model RMS-^ Mass Spectrometer
interfaced with a Perkin-Elmer Model $00 Gas Chromatograph.
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The thermogravimetric analysis was performed by Ms. Linda
Lambert on a DuPont Model 900 Differential Thermal Analyzer (DTA)
equipped with a Model 950 Thermal Gravimetric Analyzer (TGA)
attachment using a heating rate of 20°C/min. in a nitrogen
atmosphere.

!

PART B

1.
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MONOMER SYNTHESES

Attempted Preparation of 1,2-bis-Methoxvmethvlether of 4-tButylcatechol.
The procedure of Stern, et al . , 35 was used without modifica

tion.

In a three-necked resin kettle equipped with a mechanical

stirrer, %

inlet, and two equalized-pressure dropping funnels, one

containing chloromethyl methyl ether, the other containing 0 .2 mol
sodium methoxide in 68 ml methanol, was placed 2 .5 g (0 .1 g atom)
sodium in 53 ml methanol.

The solution was cooled to 0° C;

whereupon, a solution of 1 6 .6 g (0 .1 mol) 4 -t-butyl catechol in 53
ml methanol was added with stirring; 8 .0 g (0 .1 mol) chloromethyl
methyl ether was then added dropwise.

The mixture was allowed

to stir for one hour; whereupon, a second portion of sodium
methoxide in methanol (0 .1 mol) was added followed by the addition
of an equimolar amount of chloromethyl methyl ether.

After an

additional hour, the process was repeated a third time and the
reaction mixture was stirred overnight.

The solution was

colorless; however, addition of base produced the purple color
of the catecholate anion, indicating that the reaction was
incomplete.

The mixture was filtered to remove NaCl and the

filtrate was flash evaporated to remove methanol; fifty ml ether
was added to the residue and the solution was extracted three
times with 10$ NaOH.

The ether layer was dried with anhyd. CaCl2 ,
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then flash evaporated.

The residue was negligible, the partially

reacted or unreacted starting material having been removed into
the basic aqueous layer during extraction.

2.

Preparation of 5-Jt-Butyl-2,2-dimethyl-l,3-benzodioxole (^)
(a)

A mixture of 16.6 g (0.1 mol) 4-_t-butyl catechol, 25 ml

(0.3b mol) acetone, 50 ml benzene, and 0.5 g j>-toluenesulfonic acid
monohydrate in a three-necked flask equipped with a total-reflux
phase-separating head (Dean-Stark apparatus) and nitrogen inlet was
heated with stirring to reflux.

When, after 30 hrs., it appeared

that no additional water was being collected, 1.0 g anhydrous
sodium acetate was added to the mixture and stirring was continued
for 20 min.

One hundred milliliters ether was added and the mixture

was extracted with 10$ aq. NaOH until the aqueous layer was color
less; the aqueous layer was back-extracted once with ether, the
combined organic layers were washed with saturated NaCl, dried
(anhyd. MgS04 ), the solvent flash evaporated, and the residue was
distilled under vacuum (bp 6 O-7 8 0, 0.4 mm) to yield 5-0 g (24.3$).
The distillate was passed through a column of neutral alumina (CHCI3 )
then redistilled to afford a colorless liquid exhibiting a single
spot on tic (silica, cyclohexane); nmr (CDC13 ) 5 1.22 (s, 9, t-Bu),
1.60 (s, 6 , C(CH3 )2 ), 6.64 (s, 1, C-4 H), 6 .7 0 (d, J=2 Hz, 1, C-6
H), 6.78 (d, J = 2 Hz, 1, C-7 H); ir (y ) 3-4 (s), 6 .7 (s), 8.1
(S), 10.2 (s), 11.85 (s).
Anal. Calcd. for Ci3 Hi802 : C, 75-69; H, 8.80.
H, 8.74.

Found: C, 75-71;

(b)

Apparatus and conditions were similar to those used in

Method A, except petroleum ether was employed instead of benzene
as an azeotroping solvent and 1.0 g Linde ^A molecular sieves was
added.

The product was isolated as in Method A.

Yield, 6.1 g

(2 9 .6 #).
(c)

A mixture of 16 .6 g (0.1 mol) 4-Jt-butyl catechol, 75 ml

acetone and 0 .5 g ]>-Ts0 H.H20 was heated with stirring in a flask
equipped with a Vigreaux column and distillation head.

The acetone-

water azeotrope (8 8 .5$ acetone 11 .5 $ water; bp 56 °) was removed
continuously; acetone was added periodically to maintain the
original volume.

After 40 hrs. the catalyst was neutralized and

the acetone was evaporated.

Fifty ml ether was added to the

residue and the product was isolated as in Method A.

Yield J.k

g (16.5$).
(d)

In a flask equipped with a Vigreaux column and dis

tillation head and N2 inlet was placed 0 .1 mol ^-_t-butyl catechol,
40 ml benzene, 2 0 .8 g (0 .2 mol) 2 ,2 -dimethoxypropane,
jj-TsQIMkO.

and 1 .0 g

The mixture was heated with continuous removal of the

benzene-methanol azeotrope (bp 58 °).

Nmr analysis of the distillate

showed it to be a ternary system consisting of 2 ,2 -dimethoxy
propane in addition to benzene and methanol; consequently, both
benzene and 2 ,2 -dimethoxypropane were added periodically to maintain
the volume and ensure an adequate amount of reagent.

Progress of the

reaction was followed by nmr analysis; the change in chemical
shift of the t^-butyl singlet from 1 .1 8 6 in the starting compound
to 1.22 6 in the product allowed an easy assay.

After app. 18 hrs.

the singlet attributable to the starting catechol had disappeared!
hence, the reaction was assumed to have proceeded essentially to
completion.

Product isolation was effected as in Method A.

Yield,

1 8 .0 g (87$>) after distillation.

3.

Attempted Preparation of 6 -t-Butyl-2,2-dimethyl-^-hydroxyethy11,3-benzodioxole

or

by Lithiation of 5“JL“Butyl-2,2-

dimethyl-1,3-benzodioxole (%[)•
Many attempts were made to lithiatf5,36theC-7 aromatic position
of 5-t“hutyl-2,2-dimethyl-l,3-benzodioxole (j>jJ in order to append
a two-carbon vinyl-group precursor! all were ineffective.

In a

typical reaction a 100 ml flask equipped with a magnetic stirrer, an
argon inlet, and a rubber septum was flamed dry under a steady
stream of argon.

After the addition of 10.3 g (0.05 mol)

and

10 ml dry ether, k6.8 ml 1 .7 1 N n-butyl lithium (0.08 mol) was
added through the septum with a syringe.

Stirring was continued

under positive argon pressure for 2k hrs; whereupon, the apparatus
was fitted with a Dry Ice condenser and a dropping funnel and 3 .6 g
(0.08 mol) ethylene oxide was added.

After 8 hrs. aq. NH4C1

was added, the organic layer was separated, the aqueous layer
extracted with ether, the combined organic layers were washed with
water, dried (MgS0 4 ), and then the solvent was evaporated.

Nmr

of the crude residue showed it to be starting material only.
Several modifications of this procedure were tried serially
and in combination:

1.

Addition of large excess of ethylene oxide (up to

15 grams).

2.

Cooling of reaction vessel to 0° C. in second step of

reaction.
3.

Refluxing of solvent during metallation step.
Changing of solvent to dry tetrahydrofuran.

5.

Use of hexamethyl phosphoric triamide as a cosolvent.

6.

Addition of acetaldehyde instead of ethylene oxide.

7.

Preparation of a complex of n-butyl lithium with N,N,N/,N/

tetramethylethylenediamine52 before adding the blocked catechol.
In the final modification listed, 3- ml of 1*71 N n-butyl
lithium (0.055 mol) and 6 .k g (0.055 mol) N,N,N/,N/-tetramethylethylenediamine were stirred together for five hours; whereupon,
10.3 g (0 .0 5 mol)

in 10 ml ether was added and the mixture was

stirred for 9 hrs under reflux.

The apparatus was fitted with a

Dry Ice condenser, and 10 g (O.25 mol) ethylene oxide was allowed
to distill into the flask; stirring was continued for 2 k hrs at
0 °.

Aqueous NH4 CI was then added to the mixture, and the workup

effected as before.

The residue after removal of the solvent

consisted entirely of starting material.

k.

Preparation of k-Bromo-6 -t-butyl-2,2-dimethyl-1,3-benzo
dioxole (^8)
A solution of 160 g (l.O mol) Brg in 100 ml CHC13 was added

slowly to a mixture of 103 g (0 .5 mol) 5 "t."kuty1 -2 ,2 -dimethyl1,3 -benzodioxole

118 g (1 .5 mo l)_.pyridine, and kOO ml CHC13
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at 0°.

The mixture was stirred vigorously for three days with

maintenance of temperature between 0 and 5°C.

The mixture was

poured into a separatory funnel and the dark lower layer was
separated.

To this dark oil was added 300 ml CC14 ; after the

mixture was swirled at 0 ° for a few minutes, a reddish precipitate
formed.

The solid, which presumably consisted of pyridinium

hydrobromide, pyridinium perbromide, and/or pyridinium hydrobromide
perbromide, was filtered and discarded.

The filtrate was added to

the CHC13 solution and this mixture was washed serially with sat'd
aq Na2 S20 3 , sat'd NaCl, and water, dried (MgS04 ), and flash
evaporated to remove the solvent; the residue was distilled in
vacuo in a Kugelrohr apparatus to yield 130 g of a mixture of
brominated and unbrominated product.

The mixture was passed

through a basic alumina column (benzene), the solvent flash
evaporated, and the residue was fractionally distilled (bp 8 0 -95 °»
0.3 mm) to yield 120 g (8k.k$>) of colorless oil; Nmr (CCCI3) 6
1.kk (s, 9 , t-Bu), 1.60 (s, 6 , 0 (0 1 3 )2 ), 6 .8 6 (s, 1, C-9 H),
6 .9 3

(s, 1, C-5 H); ir (v^) 3-35 (s), 6.70 (s), 8.10 (s), 10.20

(s), II.55 (a).
Anal. Calcd for C^HiyQaBr:

C, 5^.77; H, 5 .96 .

Found:

C, 5^.69;

H, 6.01.

5.

Preparation of 6-t- Bttyl-2,2-dimethyl-^-(l-hydroxyethyl)-1,3“
benzodioxole (%%)
(a)

A 25 O ml flask equipped with a magnetic stirrer,

equalized-pressure dropping funnel, reflux condenser, and argon
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inlet was flamed dry under a rapid stream of argon, then charged
with 10 ml dry tetrahydrofuran and I.U5 g (0.06 g atom) magnesium;
several drops of 1,2-dibromoethane were added to activate the
magnesium.

A solution of 1^.25g (0.05 mol) 4-bromo-6-t-butyl-2,2-

dimethyl -1,3-benzodioxole

in 25 ml THF was added dropwise

over a period of one hr to the stirred mixture maintained at
6 O-650 in an oil bath; stirring was continued for 5 -8 hrs (depending

upon the time required for depletion of most of the magnesium).

The

superstructure was removed and the apparatus was fitted with a Dry
Ice condenser, an ice bath, and a U-tube attached to a small
round-bottom flask, which was charged with 8.0 g (0.18 mol)
acetaldehyde.

The acetaldehyde was distilled into the Grignard

reagent and stirring was continued at 0° for 6 hrs, then at to°
for an additional 6 hrs; whereupon, 25 ml sat'd aq. NH4C1
was added; the mixture was transferred to a separatory funnel, 50
ml ether was added, and the aqueous layer was removed.

The

aqueous layer was back-extracted with ether, the combined organic
portion was washed with sat'd NaCl, dried (MgS04 ), the solvent
flash evaporated, and the residue was distilled in the Kugelrohr
apparatus in vacuo.

The distillate was redistilled fractionally

(bp 115 -135 0j 0 *^- ®m) to yield 1 0 .0 g (80 $>) crude (%£)> a viscous
yellow oil that solidified on standing and was recrystallized from
petroleum ether, colorless crystals, mp. 117 .3 _H 8 .0 °; nmr
(CDCI3 ) 6 1.33 (s, 9, t-Bu), 1.33 (d, J=6 Hz, 3, CH-CH3 ), 1.60
(s, 6, C(CH3 )z ),2.25 (s, 1, OH), 5-^0 (q, J =6 Hz, 1, CH-CH3 ),
6 .63 (s, 1, C-5 H), 6 .8 8 (s, 1, C-7 H); ir (v ) 3-01 (s), 3 .3 8 (s),
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8 .1 0 (s), 10.20 (s), 11 .2*0 (s).

Anal. Calcd for Cl5 Ife2 0 3 : C, 71*97: H, 8 .8 6 .

Found:C, 72.03;

h, 8 .8o.

(b) Preparation and Use in Grignard Synthesis of Highly

Active Magnesium.
The method of Rieke and Hudnall5 3 was used to generate
the Grignard reagent. Highly active, finely divided magnesium
was prepared by reducing anhydrous MgCl2 with potassium metal in
THF.

The reaction is highly exothermic and is self-sustaining

after the solvent temperature is brought to the melting point of
potassium; occasional cooling is required, or else the lava-like
mixture will erupt.

By the use of this method, the Grignard

reagent can be prepared with ease at 0°.

The conditions for the

reaction of the Grignard with acetaldehyde are the same as
illustrated in Exp. B.5.(a), and yields are comparable.

6.

Preparation of 6 -Jt-Butyl-2,2-dimethyl-2*-hydroxymethy 1-1,3 "
benzodioxole (j+2)
The Grignard reagent of 4-bromo-6 -t-butyl-2,2-dimethyl-1,3“

benzodioxole (^8 ^ was prepared using conditions identical to those
described in Exp. B.5(a);0.05 mol Grignard was prepared.

The

reaction vessel was then fitted with a Dry Ice condenser and the
delivery end of a short-path distillation head, which was connected
to a 25 ml distilling flask containing 9 -6 g (0 .3 moi) paraformaldehyde.
The

paraformaldehyde was heated with a burner to distill formaldehyde

into the reaction vessel, maintained at -20°.

After

three hours the reaction was allowed to come to room temperature
and stirring was continued for an additional 2h hrs.

Product

isolation was effected as in Exp. 5» the residue after evaporation
of the ether was distilled in the Kugelrohr apparatus at O A mm,
air bath temp., 135°-

The distillate was separated

by means of

column chromatography (silica, cyclohexane); b.2 g (3 6 fo)
6.0 g

were isolated (total recovery, 9M0-

and

The alcohol was

recrystallized from cyclohexane to yield colorless crystals, mp
109.8-110.2°; nmr (CDC13 ) 6 l A O (s, 9, t-Bu), I .65 (s, 6 , C(CH3 )2 ),
^ .7 1 (s, 2, -CHs-), 6 .7 8 (s, 1, C-5 H), 6 .8 8 (s, 1, C-7 H); ir

(v ) 2 .8 (w), 3 -3 (s), 6 . 1 (s), 6 .7 (s), 7 .2 (s), 7 .8 -8 .2 (sb),
9 .5 (s), 1 0 .1 (s) 11.25 (s), 1 1 .U (s), 1 1 .9 (s), 1 2 .7 (s).

Anal. Calcd for Ci4 H2 o0 3 : C, 71-16; H, 8.53-

Found:

C, 71.00;

H, 8.49.

7.

Preparation of 6 -_t~Butyl-2,2-dimethyl-^-(2-hydroxyethyl)-1,3“
benzodioxole (5^).
The Grignard reagent of

-bromo-6 -_t-buty1-2,2-dimethyl-1,3“

benzodioxole (£8 ^ was prepared using conditions identical to those
described in Exp. B.5(a); 0.05 mol Grignard was prepared.

The

reaction vessel was then fitted with a Dry Ice condenser and
immersed in a thermostated cooling bath; a delivery tube extending
to app. 2 cm above the surface of the reaction mixture was
inserted.

The delivery tube was connected by means of a short

length of Tygon tubing to a 15 ml flask charged with 12.0 g
(O.2 7 mol) ethylene oxide.

The reaction mixture was cooled to

-20° and the ethylene oxide was distilled into the vessel.

The

delivery tube was replaced by a cap and stirring was continued
at -20° for 4 hrs, at RT for 4 hrs, and at 50° for an additional
2 hrs.

Product isolation was effected as in Exp. B.6 (a); the

residue after evaporation of the ether/^HF was distilled in the
Kugelrohr apparatus (air bath temp, 140°, 0.4 mm Hg).

Fractional

redistillation in vacuo afforded 4.0 g (32 $) 6 -f:-butyl-2 ,2 dimethyl-4-(2 -hydroxyethyl)-1 ,3 -benzodioxole (£0 j) bp 125-140°
1,2 mm and 6.2 g {~%j) (total recovery, 92$).

(This reaction was

repeated many times and with several slight modifications.

Yields

were invariably low, although on one occasion, a yield of 7 0 $ was
obtained.

Two attempts to produce higher yields by allowing

higher temperatures or longer reaction times resulted in poly
merization of ethylene oxide.) The alcohol solidified upon
standing and was recrystallized from ligroin to yield colorless
crystals, mp 74.2-74.8°; nmr (CDG13 ) 8 1.37 (s, 9> Jt-Bu), 1.61
(s, 6 , C(CH3 )2 ), 2.40 (s, 1, OH), 3.03 (t, J=8.0 Hz, 2, ArCHg),
3.83 (t, J=8.0 Hz, 2, -Gl^OH), 6 .5 8 (s, 1, C-5 H), 6.81 (s, l,

C-7 H); ir (v ) 3.0 (w), 3.4 (s), 6.75 (s), 7-3 (s), 8.O-8.3 (sb)»
9.7 (s), 9.9 (s), 10.2 (s), 11.3 (s), 11.9 (s), 12.8 (s).
Anal. Calcd for C 1 5 H2 2 0 ^:

C, 71.9T; H, 8.86.

Found:

C, 71-50;

H, 8.79.

8.

Preparation of 6-_t-Eutyl-2,2-dimethyl-4-vinyl-l,3benzod ioxole (40^.
To a three-necked flask equipped with a dropping funnel,

reflux condenser, argon inlet, and magnetic stirrer and charged

with 10.0 g (0.04 mol) 6 -t-butyl-2,2-dimethyl-4-(thydroxyethyl)1,3-benzodioxole

dissolved in 25 ml benzene and 3 A

g (0.042

mol) pyridine was added with stirring under argon 4.8 g (0.042 mol)
methanesulfonyl chloride; stirring was continued for 2 hr;
whereupon, 15 ml dry dimethyl sulfoxide and an additional 6.8 g
(0.084 mol) pyridine were added.

The mixture was brought to

benzene reflux for 2 hr. then was transferred to a separatory
funnel; 25 ml benzene was added and the mixture was washed several
times with sat'd NaCl, dried (CaCla), and the solvent flash evapor
ated; the residue was distilled in vacuo (bp 8 5 -IOO0, 0 .3 mm),
passed through a basic alumina column (cyclohexane), then re
distilled (bp 90~100°» 0*3 mm) to yield 8.4 g (92$) of the vinyl
monomer, 40j nmr (CDCI3) & 1*37 (3> 9, t-Bu), 1.60 (s, 6 , 0 (0113)2 ),
5.10 (dd, Jc .s= 10.6 Hz, Jgem= 1.8 Hz, 1, CH=CHg), 5.24 (dd,
Jtrans= 17 ,1 Hz’ Jgenf 1 * 8 Hz’ lj CH=C5e>’ 6 *72 (8S» 2 « c ”5 and
0-7 H), 7 .3 0 (dd, Jcis= 10.6 Hz, Jtrans= 17.1 HZ, 1, CH=CH2 ); ir
(v ) 3-4 (s), 6 .7 (s), 8 .1 0 (s), 1 0 .2 0 (s), 11.35 (s).
Anal. Calcd for C 15H20 Q2 : C, 77-555 H, 8 .6 8 .

Found:

C, 77.25;

H, 8.59.

9.

Preparation of 6 -t-Butyl-2,2-dimethyl-4-(2-g_-toluenesulfonoxyethyl)-1 ,3 -benzodioxole (£1^ .
To a stirred solution of 2.5 g (0.01 mol) 6-t-butyl-2,2-

dimethyl-4-(2 -hydroxyethyl)-1 ,3 -benzodioxole (5£) in 100 ml pyridine
at 0 ° was added 2 .1 g ( 0.011 mol) £-toluenesulfonyl chloride.

When the solution was homogeneous, the flask was placed in the
refrigerator and allowed to remain for 2k hrs.
hydrochloride crystallized from the solution.

Pyridinium
The mixture was

poured into one liter of ice water with stirring; the precipitated
sulfonate was filtered and recrystallized from abs. ethanol to
yield3.5 8 (87 $) colorless crystals m.p. 8 7 .9 -8 8 .2 ; nmr 6 1 .3 1
(s, 9, t-Bu), 1.63 (s, 6 ,

C)CH3 )2 ), 2.k5 (s,3 , £-CH3 )s 3 .1k

(t, J=8.0 Hz, 2, ArCHg-),

k.21 (t, J=8.0 Hz,

2,

-CHgOTs), 6.kk

(s, 1, C-5 H), 6.79 (s, 1, C-7 H), 7 .3 6 (d, J=8.5 H z , 2, metaS02 -Cs H4-), 7.80 (d, J=8.5 Hz, 2, ortho-SOp-Cr Ha -): ir (v ) 3-3
(s), 6 .2 3 (s), 6 .6 (s), 6.75 (s), 7.23 (s), 7-3 (s), 7-7 (s),
7 .9 -8 .2 (sb), 8.3 (s), 9.05 (s), 1 0 .1 (s), 10 .2 -1 0.3 (sb), 11.25 (s),

11.6-11.75 (s), 1 2 .2 (s), 1 3 .0 (s),
Anal. Calcd for C2 2 Ffe8 05 S:

C, 65.32; H,

6 .9 8 . Found;

C, 6 5 .2 9 ;

H, 6.99.

10.

Preparation of 6 -_t-Butyl-k-(2-chloroethy1)-2,2-dimethyl-1,3“
benzodioxole.
In the preparation of the tosylate ^

(Exp. B.9)j if the

mixture of pyridine, alcohol, and £-toluenesulfonyl chloride is
heated to 55 ° f°r three hrs. and worked up exactly as was the
tosylate, the only product obtained is that which results from
chlorination of tosylate by the pyridinium hydrochloride by-product.
The chloride was recrystallized from abs. alcohol to yield colorless
crystals, mp. 121.2-122.0°; nmr (d6 -benz) 6 1.25 (s, 9, _t-Bu),

I.lf9 (s, 6 , CfCHg^), 5 *3 2 (16 line A2 B2
6 M

multiplet, If, -CI^C^Cl),

(s, 1, C-5 H), 6 .8 1 (s, 1, C-T H): ir (v ) 3-32 (s), 6.12 (m),
M1

6 .6 -6 .75 (s), 6 .8 5 (m), 7.12-7.25 (s), 7 .6 (s), 7 .7 5 (s), 7 .9-8.3

(s), 1 0 .0 (s), 1 0 .1 (s), 11.25 (s), 11.55 (s), 11.85 (s), llf.O (s).
Anal. Calcd for Cx5 H2 i0 2 Cl:

C, 6 7 .0 3 ,- H, 7 .8 8 .

Found:

C, 6 6 .8 5 ;

H, 7-86.

II.

(a) Attempted Preparation of 6 -t:-Butyl-2,2-dimethyl-If - (2 mercaptoethyl)-1,5-benzodioxole (gg) via the Thiouronium Salt;
Preparation of If,If#'ljhiobis(2 -ethyl)-di(6 -1:-butyl-2 ,2 dimethyl-1 ,5 -benzodioxole)]

.

In a flask padded with N2 was placed 1.0 g (0.0025 mol)
of the tosylate, (53? and 10 ml absolute ethanol; 0 .2 1 g (0 .0 0 2 8
mol) thiourea was added and the mixture was heated to reflux for
2 hr; whereupon, a solution of 0.5 g (0.0075 mol) NaOH in 5 ml
deaerated water was added.
additional If hr.

The mixture was heated to reflux for an

The mixture was acidified by the addition of sat'd

NH4 CI, then was poured into ice water.

The precipitate was

collected by filtration and was recrystallized from ethanol to
yield colorless crystals, mp 12lf.5-125.5°.

The compound gave a

negative thiol test in ethanolic Pb(0Ac)2 9 exhibited a symmetrical
A2 B2

multiplet in the nmr spectrum, instead of the expected A2 B2 X

patternt
spectrum.

and exhibited no characteristic SH absorption in the ir
The compound was thus tentatively identified as the

disulfide resulting from air oxidation of the mercaptan.

Several

unsuccessful attempts were made to reduce this putative disulfide

to the mercaptan with (l) NaBH4 , (2) LiAIR*, (3) NaeS2 04, and
(4) HOCH2 CH2 SH.

In each attempt, the starting material was re

covered intact.

The elemental analysis of the compound disproved

the originally assumed identity of this compound, indicating instead
that its structure should be reassigned to that of the corresponding
sulfide, lj.,4 /[thiobis(2 - ethyl )-di-(6 -t:-butyl-2 ,2 -dimethyl-1 ,3 benzodioxole)] (Jj2); nmr (CDC13 ) 6 1.38 (s, 9, t-Bu), I.63 (s, 6 ,
C(CH3 )2 ), 2.92 (A2 B2

multiplet, k, -CHgClfe), 6.55 (s, 1, C-J H),

6 .6 8 (s, 1 , C-5 h); ir ( v ) 3-35 (s), 6 .1 5 (m), 6 .6 2 (s), 7 .2-7.3

P

(sb), 7 .9 -8 .2 5 (sb), 7 . 8 (s), 1 0 .1 -1 0 .2 (sb), 11.25 (s), 1 1 .5
(s), 11.9 (s).
Anal. Calcd for C3 OH42 04 S:
H, 8.I<-3.

(b)

C, 72.25; H, 8 A 8 .

(Calcd for C3 OY U z 04S 2 ‘

Found:

C, 71.92;

C, 6 7 .8 9 ; H, 7-98).

Preparation of 4-f(S-tert-Butoxycarbonyl)-3-thiapropyl]-

6 -Jt-butyl-2 , 2 -dimethyl-1 , 3 -benzodioxole (%£) •

Two grams (0.005 mol) of the tosylate, J>1^ was dissolved in
15 ml dimethylformamide; 0 .0 5 g (0.0 0 5 5 mol) potassium 0 -t-

butylthiocarbonate (prepared by C.D. Lee)
solution at room temperature.

was added to the stirred

The solution turned green as the

Bender's salt dissolved; the green color disappeared after 20 min;
stirring was continued for an additional 6 hrs.
poured into ice water.
gum.

The mixture was

The thiocarbonate separated as a thick

The supernatant liquid was decanted and the gum was washed

with water several times and the excess water was evaporated in
vacuo. The product solidified and was reprecipitated from
ethanol to yield a colorless amorphous powder; nmr (CDC13 ) 6 1.30

(s, 9, Ar-t-Bu), 1 .4 5 (s, 9, O-t-Bu), 1.58 (s, 6, C(CHq)2 ),

2.97 (bs, 4, -CHgClfe), 6.63 (s, 1, c-5 h), 6.75 (s, 1, C-7H)
Attempts to prepare the mercaptan, £4, by heating the
0-t>butylthiocarbonate, 53^ in N-methylpyrro 11 idone were largely
unsatisfactory.

In one attempt the temperature was excessive

(ca. 200°; l65 °is recommended54), which resulted in extensive
decomposition of the isopropylidene protecting group.

At lower

temperatures, at least for the reaction times investigated, the
pyrolysis was incomplete and the resultant product mixture was
difficult to separate.
(c)

Preparation of 0-(2-Phenyl-2-propyl)thiocarbonate.

The method of C. D. Lee43was used. Twenty grams (0.5 g atom)
potassium was dissolved in 400 g. 2 -phenyl-2-propanol.

The

solution was diluted with 300 ml DMF and 100 ml THF, cooled to 0°,
and carbonyl sulfide (COS) was bubbled in slowly for three hours;
no effort was made to measure the amount of COS introduced.

The

slurry was allowed to warm to room temperature, was stirred for an
additional 2 hr., and was then poured into 1 1. of ether.

The

precipitate was filtered, washed several times with ether, and was
dried in vacuo for 24 hr.
(d)

Seventy grams were isolated (60$).

Preparation of 6-t-Butyl-2,2-dimethyl-4-(2-mercapto-

ethyl)-1,3-benzodioxole

via the O-Cumylthiocarbonate {4-

[S -(2-Phenyl -2 -propoxycarbony 1) -3 -thiapropy 1 ]-6 -1_-butyl-2,2dimethyl -1 ,3 -benzodioxole) (^4).
Two grams (0.005 mol) of the tosylate,

was dissolved

in 10 ml DMF; 1.28 g (0.055 mol) potassium 0-cumylthiocarbonate

was added to the stirred solution at room temperature.

The

initially formed green color disappeared after 20 min; stirring
was continued for 8 hrs.

The mixture was poured into ice water,

the precipitate was filtered and dried in vacuo.

No attempt

was made to purify the thiocarbonate, which was then stirred in
refluxing ethanol for eight hrs; the ethanol was evaporated, and
a-methyl styrene formed in the pyrolysis reaction was removed
under high vacuum at room temperature.

The residue solidified

upon standing and was recrystallized from abs. ethanol, mp.
90.0-90.9°. A positive thiol test was obtained with ethanolic
Pb(0Ac)2 and the characteristic thiol absorption was observed in
the infrared spectrum (weak band at 3.8|jl); nmr (CDC13 ) 6 1.35
(s, 9 , t-Bu), 1.62 (s, 6 , C(CH3 )2 ), app. 1.6 (t, J=? , 1, SH),
app. 2.9 (m, AA'BB’X, k, CHgCHg), 6 . W (s, 1, C-5 H), 6.73 ( a , 1
C-7 h); ir (v) 3.37 ( a ) , 6 .6 -6 .7 5 (s), 7 .2 5 (s), 7-75 ( a ) ,
7 .9 -8 .5 ( a ) , 9 .6 2 (s), 1 0 .1 2 (s), 1 1 .15 -11.25 (s), 11.37 (s),

11.55 -(a), 12.6-12.75 ( a ) .
Anal. Calcd for Ci5 Ife2 C^S:

C, 6 7 .6 3 ; H, 8.32.

Found:

C, 6 7 .31

H, 8.32.

12.

Preparation of 1,2-Diacetoxybenzene (klj
The method of Chattaway55 was used.

In a 2 liter

Erlenmeyer flask 110.0 g (l.O mol) catechol was dissolved in a
solution of 88 g (2.2 mol) NaOH in 200 ml water; one kgcrushed
ice was added, followed by the rapid addition, with vigorous
stirring, of 252 g (2.25 mol) acetic anhydride.

A brown oil

formed immediately, which, upon standing,solidified.

The solid

was filtered, washed several times with ice water, and dried
in vacuo to yield l6j g (86 $) crude catechol diacetate, which was
recrystallized from 95 $ ethanol to yield colorless crystals, mp
63.5-64.1° (lit. mp, 64-65°); nmr (CDC13 ) 6 2.25 (s, 6 , (OAc)2 ),
7.22 (s, 4, Arom).

13.

Preparation of 3,4 -Bihydroxyacetophenone (42^
A modification of the method reported by Reynolds, et al.

was used.

To a one liter beaker, supported in an oil bath

maintained at 80 ° in a hood, was added in three portions, each
comprising approximately one third the total, a mixture of 94.0 g
(0.49 mol) dry, recrystallized and pulverized 1 ,2 -diacetoxybenzene
(4t) and 194.0 g (1.45 mol) aluminum chloride; the vigorous reaction
from the previous portion was allowed to subside before adding the
next.

When the reaction from the final portion had subsided, the

temperature of the oil bath was raised to 135 °> where it was
maintained for 4 hr. with occasional stirring of the reaction
mixture.

The mixture was then removed from the oil bath, allowed

to cool, ground to a powder, mixed with an additional 3 5 *0 g (0 .2 5
mol) AICI3 , and replaced in the beaker for an additional 4 hr.
at 135°«

The mixture was then cooled to room temperature and

added slowly with stirring to a mixture of 1^0 ml con HC1 in
600 g crushed ice; this mixture was saturated with NaCl, then
extracted several times with n-butyl alcohol; the organic layer
was washed with sat'd aq. NaCl, then dried with a large amount of

anhyd. MgS04 .

Upon removal of the solvent under vacuum, a black

residue, J1.6 g (98 $ crude), was obtained; nmr analysis indicated
absence of catechol and catechol diacetate; 2,3-dihydroxyacetophenone
(£&) comPrise<l a small portion of the product.

This crude

product was used without purification in the preparation of 3»^~
diacetoxyacetophenone (Jj4) (Exp. B. 11;).

ll+.

Preparation of 3>^-Diacetoxyacetophenone (M+)
Crude 3>1)--dihydroxyacetophenone (1+2^) 71*6 g (0.1+7 mol), was

transferred to a 500 ml three-necked flask equipped with a mechanical
stirrer, equalized-pressure dropping funnel, and an air-cooled
condenser, and was dissolved in 200 ml dry THF and 8 7 .0 g (l.l
mol) pyridine.

The mixture was cooled to 0°; whereupon, 86.0 g

(l.l mol) acetyl chloride was added slowly with stirring.

Stirring

was continued for 2 hrs. at which time the mixture was filtered,
the precipitate was washed with ether, and the filtrate was
transferred to a separatory funnel.

This mixture, to which 100

ml ether was first added, was then washed several times with sat'd
aq. NaCl; the aqueous layer was back extracted with ether and the
combined organic layers were dried with CaClg.

The solvent was

removed by flash evaporation to yield 113 .1 g ()99 $) of solid
crude product, which could not be purified by recrystallization.
The residue was distilled in the Kugelrohr (air temp. 160°, 0.1+ mm)
and was then recrystallized from abs. ethanol to yield colorless
crystals mp, 82.7-82.9; nmr (CDC13 ) 6 3*95 (s, 6 , (0Ac2 ), lj-,22
(s, 3 , -COCH3 ), 7.29 (d, J=9 *5 > I, C-5 H), 7.83 (s, 1, C-2 H),

1*4-9
8.00 (d, 0 =9 .5 Hz, 1, C -6 h); ir (v ) 5-6 (s), 5 .9 (s), 6.2 (s),
6.7 (s), 7 . 0 (s), 7 .2 5 (s), 7 .7 ? (s), 7 . 9 (a), 8 .2 -8 .3 (a), 8 .5 (a),'
8 .8 (s), 9.75 (a), 1 0.27 (s), 10.7 (s), 1 1 .0 (s), 11.67 (s),
1 1 .8 (s), 1 2.3 (s).

Anal. Calcd for C ^ H ^ O s . c, 61.02; H, 5.12.

Found:

C, 61.01;

H, 5.35.

15 .

Preparation of 1-(5 /»4/-Diacetoxyphenyl)ethanol (*j£).
To a suspension of 2 3 .6 g (0.1 mol) 3»4-diacetoxyacetophenone

(4V) and 100 ml absolute ethanol maintained at 0 ° was added in
small portions, 1.9 g (0.05 mol) NaBH^; as the reaction proceeded,
the ketone dissolved.

Nmr analysis of the product mixture

(disappearance of singlet at 4.22, appearance of doublet at 1.42)
indicated that the reaction had gone to completion after 20 min;
whereupon, 10 ml sat'd NH4.CI was added and stirring was continued
until the cessation of gas evolution. One hundred ml sat'd NaCl
was added and the mixture was transferred to an extraction funnel.
The layers were separated, the ether layer was washed with sat'd
NaCl, the combined water/alcohol layer was back-extracted several
times with ether, and the combined organic layer was dried
(MgS04 ) and flash evaporated to yield 22.4 g (94$) crude oil.
Nmr (CDCI3 ) 1.42 (d, J=6.5 Hz, 3, -CH(OH)CIk), 2.21 (s, 6 , (0Ac)2 ),
4.79

(q,

J-6.5, 1, -CH(0H)(CHa), 7.14 (m, 3, arom).
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16 . Preparation of 3>4--Diacetoxybenzaldehyde (48^
Conditions similar to those employed in the preparation
of 3 ,4-diacetoxyacetophenone (44^ (Exp. B.15) were used; to a
two-necked flask equipped with a dropping funnel, magnetic stirrer,
ice bath, and an air-cooled condenser and charged with I5 .3 g
(0.1 mol) 90$ 3,4-dihydroxybenzaldehyde (4£) (Aldrich), 25 ml dry
THF, and 10.0 g (0.12 mol) pyridine was added dropwise with
stirring I5 .O g (0.16 mol) acetyl chloride.

When addition was

complete, the stirred mixture was allowed to warm to room tempera
ture; after two hrs., the mixture was filtered, the precipitate
was washed with several portions of ether, the filtrate transferred
to a separatory funnel and washed with sat'd NaCl, then dried
(MgS04), the solvent flash evaporated, and the residue distilled
to yield 1 7 .8 g (80$) bp 120-125° at 0.5 nan.

The crude distillate

was passed through a neutral alumina column (CHCI3 ) to yield an
oil that crystallized upon standing at -20°.

The product was

recrystallized from benzene/pentane, mp 52.2-53.0; nmr (CDC13 )
6 2.26 (s, 6 , (0Ac)a), 7 .3 2 (d, J5 ,6 =8.5 1, C-5 H) 7 .6 9 (d,

J2 ,6=2

Hz ,

1, C-2

H ),

j.jk (dd, J2 ,s=2

Hz ,

J5 ,s=8.5

Hz ,

1, C -6

H );

ir (v ) 5 .6 (s), 5 .8 (s), 7 .2 5 (s), 7.75 (s), 7.9 (s), 8.2-8.4 (sb),
9 .0

(s), 9 .8 (s), 1 1 .1 (s).

Anal. Calcd for ClxHlo05 : C, 59.46; H, 4.54.
H, 4.59.

Found:

C, 59.4l;

17.

(a) Preparation of Triphenylmethylphosphonium Bromide
The method of Wittig and Sc'noeiikopf56 was used.

A pressure

reactor was charged with a solution of 55 g (0 .2 1 mol) triphenylphosphine in 50 ml dry benzene and cooled in an ice-salt bath;
2 8 .0 g (0 .2 9 mol) methyl bromide was added, the reactor was

sealed, and was allowed to warm to room temperature.

After two

days the product was collected by suction filtration, washed with
hot benzene, and dried in a vacuum oven at 100° for 12 hrs.

The

yield was jk.2 g (99 %)-

(b)

Attempted Preparation of 3»4-^iacetoxystyrene (k&J via

a Wittig Reaction.
To a 100 ml three-necked flask, flushed with argon, was added
1.47 g (0.035 mol) 571° NaH dispersion, which was then washed with
several portions of ligroin.

The flask was then equipped with a

magnetic stirrer, reflux condenser, equalized-pressure dropping
funnel, and an argon-vacuum inlet, and was alternatingly evacuated
and flushed with argon several times; whereupon, 20 ml dry DMS0
was added and the mixture was heated to 80 ° for 45 min., by which
time hydrogen evolution had ceased.

To the stirred mixture,

cooled to 0 °, was added 12.5 g (0 .0 3 5 mol) triphenylmethylphosphonium
bromide in 35 ml dry DMS0 ; after 10 min 5-0 g (O.O36 mol)3,4diacetoxybenzaldehyde (48) in 5 ml DMS0 was added and stirring was
continued for J>0 min.

Fifty ml water was added and the mixture was

transferred to a separatory funnel.

The mixture was extracted

several times with ether and the combined ether extracts were
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back-extracted with water, dried (MgS04 ), and the solvent was
flash evaporated.

Nmr analysis of the residue, which weighed O.k g,

indicated that, although some vinyl group had been formed, the
primary mode of attack by the Wittig reagent had been to the acetate
carbonyl, accounting for the small amount of material removed from
the aqueous layer by the ether extraction.

No attempt was made

to isolate the components of the residue.

18.

Preparation of Methyl 3,^-Dihydroxybenzoate (£7)
A mixture of 15.^ g (0.1 mol) 5• ^--dihydroxybenzoic acid (56)

and 71 g (0.6 mol) thionyl chloride was heated to reflux SOCI2
for h hr; whereupon, a distillation head was installed and the
excess SOCI2 was distilled; the final 5“10 ml was removed under
aspirator vacuum at room temperature.

The apparatus was equipped

with a dropping funnel and a reflux condenser; 6.b g (0 .2 mol) dry
methanol was added slowly.
methanol reflux for two hr.

The mixture was then brought to
After the mixture had cooled to room

temp., 100 ml ether was added and the solution was washed in a
separatory funnel with sat'd NaCl until the aqueous layer was no
longer acidic.

The aqueous layer was back-extracted with ether,

the combined organic layer was washed once with sat'd NaCl, dried
(MgS04 ), decolorized, and the ether was flash evaporated.
residue solidified.

The

The yield was greater than theoretical, and the

pungent smell of SOs was noticed above the solid; apparently some
unstable sulfite diester was formed.

The solid was crushed and

stirred for one hr in sat'd NaHCQa; dilute

HOAc was added to

neutralize.

The mixture was washed with ether, the ether layer was

dried and decolorized, and the ether was flash evaporated to yield
1 5 -8 8 (9 ^$) solid residue, which was recrystallized from water,

mp 128.0-129.0°; nmr (CD3 CN) 6 3.82 (s, 3, C(^CH3 ), 6.30 (w, 2,
(0H)2 ), 6 .8 7 (d, J=8.9 Hz, 1, C-5 H), 7.35 (dd, J2 ,6=2.0 Hz, J5 ,8 =8.9
Hz, 1, C -6 H), 7.36 (d, J=2.0 Hz, 1, C-2 H); ir (v ) 2.8-3.2 (2),

5.9 (s), 6 .2 (s), 6 . 9 (s), 7.6-8.5 (s), 8 .9 (s), 9.1 (s), 10.1 (s),
13.0 (s).
Anal. Calcd for C8 H8 04 : C, 57.10; H, ^.80.

Found: C, 57.18; H,

^•99.

19.

Preparation of Methyl 2,2-Dimethyl-1,3-benzodioxole-5 -carboxylate
Several attempts were made to prepare 58; in only one reaction

was product isolated.
B.2 were employed.

Conditions identical to those employed in Exp.

A mixture of 5*0 g (0.03 mol) methyl 3 A-dihydroxy-

benzoate (^jJ, 20 ml benzene, 20 ml DMF, 20 g (0.19 mol) 2,2dimethoxypropane, and 0 .5 g £-toluenesulfonic acid was heated to
boiling temperature with continuous removal of the benzene/methanol
azeotrope.

After 12 hr., 2.0 g anhyd NaOAc was added to neutralize

the catalyst; then 100 ml ether was added and the mixture was
extracted with satd NaCl.

The organic layer was dried (MgS04 ), the

ether was flash-evaporated, and the residue was distilled in the
Kugelrohr apparatus (air bath temp. 130°; Q.lj- mm Hg).

The distillate

was separated by column chromatography (silica; 5 $ ethyl acetate,
95 $ cyclohexane) to yield, inter alia. 0 .2 g (3 .2 $ yield) ^Qj nmr

(CDC13 ) 1 .6 7 (s, 6 , C(CH3 )2 , 3 .8 5 (3, 3 , OCHa), 6.73 (d, J6,T= 8.0 Hz,
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1, C-T H), 7.35 (d, J4 ,6 = 1.5 Hz, 1, C-4 h), 7-62 (dd, j4 ,6 = 1.5 Hz,
J6,y = 8.0 Hz, 1, C -6 H).
Several modifications tried in attempts to improve yields are
summarized below:
(1)

Acetone, benzene, and

(2)

Acetone and con H2 SO4 at room temperature.

jj-Ts OH

at reflux with removal of

water.

(3 ) Acetone and con H2SO4. at reflux.
(4)

Acetone, con H2SO4 , and molecular sieves at reflux.

In each attempt,

and acetone condensation products were the

sole isolated products of the reaction.

PART C

Polymerization Reactions of 6 -t-Butyl-2.2-dimethyl-1+vinyl-1 ,5 -benzodioxole (1*0 ).

1.

Determination of Reactivity Ratio in Copolymerization of 1+0^
with Styrene.
Copolymers of 6-t-butyl-2,2-dimethyl-li--vinyl-l,3 -benzo

dioxole (40^) and styrene were prepared with varying molar ratios
of monomers in low-conversion (< 10$), bulk, AlBN-initiated
polymerizations.

The monomers were weighed

and placed in Pyrex

ampoules with weighed amounts (0 .0 1 g in each reaction) of a,a/_
azo-di-isobutyronitrile (AIBN). The ampoules were then degassed by
repetitively freezing in Dry Ice/acetone, evacuating, melting, and
flushing with argon, and were sealed under vacuum and placed in
an oil bath maintained at 70°.

Since the absolute rate of

polymerization decreased with increasing concentration of monomer 1
(1*0 ), the ampoules were removed at (arbitrarily determined) intervals, the ampoules containing the higher concentrations of styrene
being removed earlier than those containing the higher concentra
tions of 1+0.

The polymer-monomer solutions were added dropwise

to methanol to precipitate the polymer, which was then filtered
and reprecipitated from benzene solution into methanol, filtered,
and dried under vacuum for 25 hours.
Monomer concentrations in the polymers were calculated from
elemental analyses using the following equation:

r
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n»2

-

($C in copolymer -

in monomer l)/($C in monomer 2- $C in

monomer l)

mi

=

($C in copolymer - 77.55$)/ll+.51$

=

1.00 - m2

where monomer 1 is 1+(X, monomer 2 is styrene, mi = mole fraction lj^
in copolymer, and m2 = mole fraction styrene in copolymer.
are shown in Table

Results

T ; a plot of monomer composition vs. copolymer

composition (mole fraction 1+0 ^in monomer mixture vs_. mole fraction
^

in copolymer) yielded a straight line with slope = 1; i.e.,

copolymer composition equalled monomer composition at each concenj

tration, or ri « r2 »ri , where ri and r2 are the reactivity ratios
for monomer 1 and monomer 2 , respectively.

TABLE 7
Data from Reactivity Ratio Studies
,
wt 1
wt 2
Ml!___Me______ M ____ (gm)
1 .0 0

time conv
Elem Anal
(hr) W __ $C________ $H_mi°

2 .3 2 0

2k 8.8

7 7 .1 9

8 .8 2

1 .0 0

,
mg
---

0 .6 0

o.ko

1 .1+00

0 .1+16

8

1 .7

8 3 .1+1

8 .3 6

0 .6 0

0 .1+0

0 .1+0

0 .6 0

0 .9 5 0

0 .6 2 5

1+

6 .1

8 6 .2 0

8 .1 8

0 .1+0

0 .6 0

0 .2 0

0 .8 0

0 .1+61+

0 .8 3 5

2

9 .9

8 9 .2 1

7 .6 9

0 .2 0

0 .8 0

0 .1 0

0 .9 0

0 .2 3 2

0 .9 5 6

1

1 5.7

9 0 .7 0

8 .1+0

0 .0 9

0 .9 1

= mole fraction monomer 1 , 1+0 , in initial monomer mixture
b
Mg = mole fraction monomer 2 , styrene, in initial monomer mixture
Q

mi = mole fraction monomer 1 in copolymer

^mg = mole fraction monomer 2 in copolymer

2.

Preparation of Cross-linked Copolymer Beads via Suspension
Polymerization
(a)

Terpoly (Styrene-t(>-DVB); 5.5:1:0.02.

To a 250 ml three-necked flask equipped with a mechanical
stirrer, reflux condenser, and argon inlet, which was previously
deaerated by alternatingly evacuating and flushing with argon
several times, was added a monomer mixture consisting of 5*3 g
(0.0228 mol) 6 -t-butyl-2 ,2 -dimethy1 -t-vinyl-1 ,3 -benzodioxole (kO),
rs h u

13-0 g (0.125 mol) styrene, O .5 6 g (0.0^3 mol) divinyl benzene,

and 0.75 g AIBN.

The reaction was maintained with vigorous

stirring in an oil bath at 7 5 “80 ° for 2b hr; whereupon, the mixture
was filtered, and the polymer beads were washed serially with
methanol, benzene, methanol, tetrahydrofuran, methanol, and
dichloromethane, and were dried in vacuo to yield 1 5 -9 g (87 $) of
prefectly spherical, white beads; ir (v ) 3 >t (s)> 6 .7 (s), 8 .0 -8 .1
(w), 1 0 .2 (2 ), 1 3 .2 (w), It. 3 (w).
Anal. Calcd for (Ci3 H2 oQ2 )(C8Hs)5 *5 (CioHio)o»2 : Cj 87*8t; H, 8.19.
Found:

C, 8 8 .kl; H, 7-98, thus indicating that a slightly greater

proportion of styrene was incorporated into the polymer than was
contained in the monomer mixture.
(b)

Quatrapoly (Styrene-Vinyl Benzyl Chloride-j+0j-DVB);

2 .8 5 :1 :1 :0 .2 .

Conditions were identical to those described in C.2(a); the
monomer mixture consisted of 5 *3 g (0 .0 2 2 8 mol) tO, 3 *5 g (0.023
mol) vinyl benzyl chloride (60:t0, meta:para, obtained from Dow

Chemical), 10.6 g (0.102 mol) styrene, and 0.075 8 AIBN.

The

yield was 12.6 g (65 $).
(c)

Cross-linked Polystyrene, 20$ DVB

Polymerization conditions were identical to those described
in C.2(2);

The monomer mixture consisted of 15.0 g (O.lkk mol)

styrene, 5 .M3 g (O.36 mol) divinylbenzene, and 0.075 g AIBN.
was 18.1 g (93 $).

Yield

PART D

1.

Chemical Modifications of Polymers

Preparation of Chloromethylated Polystyrene (20$ DVB)
To a suspension of 10.0 g copoly(styrene-divinylbenzene)

Exp. C.2(c)) in 100 ml dry CHCI3 at 0° was added a cold mixture of
10 g anhydrous ZnCl2 and 50 ml chloromethyl methyl ether.

The

mixture was stirred for 3 0 min. and was then filtered and the
polymer was washed serially with 1 1. 3 : 1 dioxane: water, 1 ■£. 3 :1
dioxane : 3N HC1, water, 3:1 water : dioxane, 1:1 water : dioxane,
1:3 water : dioxane, dioxane, and finally methanol and was then

dried for 24 hr. in vacuo at 100°.

Yield was 11.1 g from which

it was estimated that the concentration of chloromethyl groups in the
polymer was 2 .0 mmol/g.
Anal.

2.

Found:

C, 7 4 .5 6 ; H, 6.k0; Cl, 17*32; 4.88 meq Cl/g.

Reaction of Chloromethylated Polystyrene with Sodium 6 -t-Butyl2 ,2 -dimethyl-1 ,3 -benzodioxole-4-(2 -ethanolate)

In a N2 ~padded flask equipped with a reflux condenser was
placed 15 ml dry THF and 4.300 g (0.0172 mol) 6 -jt-butyl-2,2dimethyl-4-(2-hydroxyethyl)-l,3-benzodioxole (^0 ) and 0.44 g (0 .0 1 8
mol) sodium hydride (from 0 .7 7 8 of 57 $ dispersion, washed free of
011 with petroleum ether).

The mixture was allowed to stir at

room temperature for 2 hr. until all H2 evolution ceased; 2 .0 0 0 0 g
(8 .6 meq Cl) commercial chloromethylated polystyrene, which had
been rigorously purified by the procedure of Relies and Schluenz
and dried in vacuo at 100° for 24 hrs, was then added to the alkoxide.

l6o
The mixture was heated to ca. 50° and was stirred under N2 for 2k
hr.

Two ml of water was added and the mixture was filtered and

the polymer was washed with 20 ml THF.

This filtrate was saved.

The filtered polymer was then washed serially with benzene, methanol,
3:1 CH3 OH : CH2 CI2 , 1:1 CH3 OH : ClfeCla, 1:3 CH3 OH : ClfeCls,
and finally CH2 CI2 , and was dried in vacuo at 100 ° for 2k hrs.
Yield was 2.216 g (11.8$ substitution of available chloromethyl
groups).
Anal.

Found:

C, 68.62; H, 5.89; Cl, 11.88.

Per cent substitution was calculated from weight change (WC)
as follows:

/ S bst. = ^w t.change x 100)/MW of unit added - MW of unit lost)
wC
no. moles available for reaction
e.g., for Compound Type E.2
i Subst^ = (+0 .2 1 6 )(l0 0 )/(2 l)-9 - 35.45)70.0086 = 11 .76 $

Per cent substitution was calculated from elemental analysis
(EA) for substitution on chloromethylated polystyrene using the
following BASIC program:
LIST
90 PRINT
100 PRINT "ENTER A AND B"
110 INPUT A,B
120 LET C=((A-b )/(3545))*213.5
122 LET K= 0
125 GOTO 150
135 LET C=D
150 LET d=(((A/(1+c))-b)/3545)*213-5
155 LET K=K+1
160 IF ABS (C-D)>.000001 GOTO 130
185 PRINT
190 PRINT "ANS IS ";((A-((l+D)*B))/A)*100;" IN ";K;" ITERATIONS"
195 PRINT "D IS ";D
200 GOTO 90

where A = tfo Cl
B = % Cl

in starting chloromethylated

polystyrene

in reacted product

D = calculated weight gain from 1.000 g starting chloromethypolystyrene
e.g_., for Compound Type E.2:
Enter A and B
? 15 .1*1*-? 11.88
Ans is 14.05^6 in b^> iterations
D is 0.117001
Unreacted alcohol (£0^ was recovered from the first filtrate
by adding 50 ml aqueous sat'd NaCl and extracting with ether,drying
the ether layer (MgS04 ), flash evaporating, and recrystallizing the
residue from pet ether; 1.9 g were recovered.
This experiment was performed many times; per cent substitu
tion was never higher than 25 $>.

Analyses of the products of other

similar reactions using both the commercial chloromethylated poly
styrene and the 20% cross-linked chloromethylated polystyrene
prepared in Exp. D.l are given in Table 8, Compel.Types C.2, D.2,
E.2, F.l, and H.l.

3.

Reaction of Chloromethylated Polystyrene with Potassium 6-tButy1-2,2-dimethy1-1,3-benzodioxole-b- (2-ethanthio1ate).
Fifteen ml BMF was placed in a flask equipped with a

nitrogen inlet.

The DMF was heated to 80° under a steady stream of

N2 for 30 min. to purge O2 ; 1 .0 0 g (0 .0 0 3 7 6 mol) 6 -t-butyl-2 ,2 dimethyl-4-(2-mercaptoethyl)-1,3 -benzodioxole (^)> a solution of

1 6 2

0.21 g (O.OO376 mol) KOH in 3 ml deaerated water, and 1.0000 g
(4.3 meq Cl) chloromethylated polystyrene were added.

The suspension

was stirred at room temperature under N2 for 2k hr,* the polymer
was filtered and washed with 10 ml DMF and 10 ml THF.
was saved.

The filtrate

The polymer was then washed serially with CH3 OH, benzene,

THF, 3:1 CH3 OH : CHaCls, 1:1 CH3 OH : CHsCls, 1:3 CH3 0H : CHgCla,
and 100$ CH2 CI2 and was then dried in vacuo at 100 ° for 2k hr.
Yield was I .253 8 (29$ based on limiting mercaptan).

Unreacted 55 was recovered from the first filtrate by adding
50 ml aqueous sat'd NaCl and extracting with ether, drying the
ether layer (MgS04 ), flash evaporating, and recrystallizing the
residue from 95$ EtOH; 0.2 g were recovered.

4.

(a) Reaction of Quatrapoly(styrene-vinyl benzyl chloride-40-DVB)
with Trimethyl Amine.
In a flask equipped with a Dry Ice-acetone condenser was placed

10.0 g (ro 11.9 meq Cl) copolymer (Exp. C.2.b) and 50 ml benzene;
the suspension was cooled to 5° and 2.1 g (O.O36 mol) trimethyl amine
was added.

The suspension was stirred at 5° for 2 hr and was then

allowed to warm to room temperature; stirring was continued at R.T.
for 2k hr.

The polymer was filtered and washed serially with benzene,

CH3 OH, water, CRsOH, dioxane, 10$ NaCl in distilled water, distilled
water until the filtrate tested free of halide with AgN03 , CH3 0H,
acetone, and finally ether.
for 2k hrs.

The polymer was dried in vacuo at 110°

Yield was 10.67 g (95$ substitution of estimated avail

able chloromethyl groups).

The polymer was swollen in CH3 OH,

seemed to be slightly swollen in water, and remained swollen in
the normal swelling solvents, benzene and DMF.

When the polymer

was washed with aq NaOH, Cl" was detected in the filtrate with AgN03
but no attempt was made to determine the ion-exchenge capacity of
the resin.

No further analyses were made of the resin.

(b)

Quaternization of Partially Modified Chloromethylated

Polystyrene.
Conditions were essentially the same as described in Exp. D.4
(a); O .933 g of chloromethylated polystyrene, with 2 5 $ of the

originally available chloromethyl groups substituted as the ether of
£0 ^and having the isopropylidene blocking groups already removed
was used.

Both weight gain and elemental analysis indicated that

app. 25 $ of the originally present chloromethyl groups remained
unreacted after this reaction.

Analysis given in Table 8 ,

Compound Type G.2.

5.

Reaction of Partially Substituted Chloromethylated Polystyrene
with Sodium Azide.
To a stirred suspension of l.^OO g chloi-omethylated poly

styrene having 12$ of the originally present chloromethyl groups
substituted as the ether of

(5.16 meq Cl available, estimated)

in 15 ml DMF was added a solution of 3-25 S (O.OJ mol) NaN3 in 5
ml water.
2k hr.

The suspension was stirred at room temperature for

The polymer was filtered and washed serially with water, 3:1

water : DMF 1:3 water : DMF, DMF, ClfeOH, benzene, THF, and CH2 CI2
and was dried in vacuo at 100 ° for 2k hrs.
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6.

Reaction of Chloromethylated Polystyrene with Potassium
0 -t-Buty1thiocarbonate
To a stirred suspention of 1.000 g (4.3 meq Cl) commercial

2% DVB chloromethylated polystyrene in 25 ml DMF was added 1.03 g

(0.006 mol) potassium 0~_t-butylthiocarbonate.
stirred at room temperature for 2b hrs.

The suspension was

The polymer was filtered

and washed with the series of solvents described in the cleansing
of the polymer in Exp. D.5 .

The yield of product after drying

was 1.17 g, the wt. gain being bO.J% of theoretical.

Fran the

weight loss in a thermogravimetric analysis of this polymer it was
determined that 1.46 mmol thiocarbonate/gm were present in the
polymer, or 39-71° of the originally present chloromethyl groups.
This is in close agreement with the per cent substitution
calculated from weight gain.

7.

Reaction of Chloromethylated Polystyrene with Dopamine (2- ( 3 ,,4 ’
Dihydroxypheny1)-aminoethane)
To a stirred suspension of 3*0 g (12-9 meq Cl) chloro

methylated polystyrene, 2tfo DVB, in 25 ml dimethylfortnamide was added
a solution of 3 *1 g (0 .0 1 3 2 mol) dopamine hydrobromide and 1.33 g
(0.0132 mol) triethyl amine in 10 ml DMF.

The mixture was allowed

to stir at 7 0 ° f°r 24 hr; the polymer was filtered, washed with the
series of solvents used in Exp. D.5 , then dried in vacuo at 100°
for 24 hr to yield 3 .9 8 g (O.9 8 g wt gain = 0.0084 equivalents
substituted; (65 $); it (v ) 2.8-3.0 (sb) indicates presence of OH
and NH groups.
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Anal.

Found:

C, 76.93; H, 7.50; Cl, 6.98, N, 5.01.

Per cent substitution calculated from nitrogen analysis - 66.5$
Per cent substitution calculated from difference in chlorine
analyses = 46$

8.

Hydrolysis of Isopropylidene Blocking Groups with n-Butyl
Mercaptan.
To a stirred suspension of 2.184 g of chloromethylated

polystyrene partially substituted as the ether of £0 ^ (1.93 mmol
protected catechol moieties available) in 20 ml DMF was added 5 ml
n-butyl mercaptan and 1 ml con H2 SO4 .
under %

at J0° for 24 hr.

The mixture was stirred

The polymer was then filtered, washed

serially with water, DMF, water, DMF, CH3 OH, benzene, J:1 CH3 OH:
CH2 C 12 , 1:1 CH3 OH : CifeCls, 1:5 CH3 OH : ClfeCls, and finally 100$
CH2 CI2 and was dried in vacuo at 100° for 48 hr.
g (0.119 8 wt loss = 154$ of theoretical).
Table

Yield was 2.065

Analysis is given in

8 ,Compound Type F.2.

The removal of the isopropylidene blocking group from
polymers containing the 6 -t-butyl-2 ,2 -dimethyl-l,5 -benzodioxole
moiety was also effected by H2 SO4 /H2 O in refluxing benzene, by
H2 SO4 /H2 O in 70° DMF, and by £-toluenesulfonic acid/2-mercaptoethanol in 70° DMF.

Analyses are given in Table 8 ,Compound Types

A.2, B.5, C.5, E.5, F.2, H.5, and 1.2.

1 6 6

9.

Oxidation of Polymer-Bound Catechol Moieties to o-Benzoquinones
(a)

Oxidation with CI2

In a 100 ml two-necked flask in a hood, equipped with a
magnetic stirrer, chlorine ebulliator and a NaOH-trapped gas exit
and immersed in an ice bath was placed k.O g copoly(styrene-vinyl5-t-butyl-2,3-dihydroxybenzene) prepared from the copolymer described
in Exp. C.2(a) by acid hydrolysis of the isopropylidene blocking
groups, 15 ml THF, and 15 ml CH3 CN:

CI2 was admitted to the

stirred suspension for 30 min; whereupon, the mixture was carefully
poured, in a hood, into 100 ml ice water, and was then filtered.
The polymer was washed serially with water, CH3 OH, acetone, acetnitrile, CH3 0H, and acetone and dried in vacuo at 100° to yield
k.b g of bright red beads; ir (v ) 5 -8 (s) reveals presence of

carbonyls.
Similar conditions were employed for the oxidation of several
1 ,2 -dihydroxyphenyl-containing polymers prepared by substituting

^

or 5^ onto chloromethylated polystyrene followed by deprotection

of the catechol moiety.

Analyses of these o-benzoquinone-containing

polymers are given in Table 8, Compound Type C.b, F.3» and G.3.
In each case, both weight gain and chlorine analysis indicate
substantial chlorination.
(b)

Oxidation with Dimethyl Sulfide, N-Bromosuccinimide,

and Triethyl Amine
To a suspension of 1.139 8 substituted chloromethylated
polystyrene (12 $ substituted as the ether of 5 -t~butyl-3 (2 hydroxyethyl)-l,2 -dihydroxybenzene, 19 $ substituted as the azide,
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the remainder of the benzyl positions being unreacted benzyl
chlorides) in 15 ml DMF and immersed in an ice bath was added 3.0
g (0.0k8 mol) dimethyl sulfide, k.2 g (0.02k mol) N-bromosuccinimide, and 2.k g (0.02k mol) triethyl amine.
was stirred at room temperature for 2k hrs.

The suspension

The polymer was

filtered and cleansed of low-molecular-weight by-products by a series
of washes similar to that described in Exp. D.5 and was dried in
vacuo at 100 ° for 2k hr to yield 1 .2 1 7 g oxidized resin reagent;
ir (v ) 5 -8 (s)j indicative of extensive oxidation to the oVbenzoquinone.
(c)

Oxidation with Cerium (iv) Ammonium Nitrate

Ce(NH4)2 (N03 )6
To a stirred suspension of 1.0 g free-catechol resin (terpoly(styrene— 3 -vinyl~5-_t-butyl-1,2-dihydroxybenzene— 3$®VB) in CH3CN
was added a solution of 2 .5 g (k.5 mmol) eerie ammonium nitrate in
10 ml water and 1 ml dil acetic acid.

The suspension was stirred

at room temperature for 2 hr and was then filtered and the polymer
washed with water, CH3 0H, acetone, and CH^Cls. and dried in vacuo
at 100 ° for 2k hr to yield 1 .0 g resin, which was revealed by ir
analysis to be at least partially oxidized.

No further analysis

was performed on this polymer.
(d)

Oxidation with Potassium Nitrosodisulfonate (Fremy's

Radical)
To a stirred suspension of 1.0 g free-catechol resin
(chloromethylated polystyrene partially substituted as the ether of
5-_t-butyl~3-(2-hydroxyethyl)-l,2-dihydroxybenzene) in 25 ml DMF was

added a solution of 1 .0 g (0 .0 0 5 7 mol) potassium nitrosodisulfonate
and 0.5 g KH2 PO4 in 10 ml water.

The suspension was stirred at

room temperature for 6 hr and was then filtered and washed with
DMF, 1:1 DMF : water, water, CH3 OH, acetone, and CHaCl2 and dried
in vacuo at 100 ° for 2k hr to yield 1 .0 g resin, which was
revealed by ir analysis to be at least partially oxidized.
further analysis was performed on this polymer.

No

TABLE 8
Analyses of Polymers Used in Amine-Oxidation Sequences
Cmpd^
Tvoe

Ex d .

C

A. 1

C.2.a

8 8 .U

A.2

D.8

A.3

D.9

75.90

6 .6 l

A.4

E.l

7 6 .8 8

7.42

1.19

A.5

E.l

77.28

7.42

0.517

B.l

C.2 .b

B.2

D.4.a

II

B.3

D.8

III

B.4

D.9

IV

B.5

E.l

V

B .6

VI

C.l

E.l
D.l

74.56

6.40

17.32

VII

C.2

D.2

74.13

6.18

13.88

C.3

D.8

76.00

6.44

15.37

0 .2 7

c.4
c.5

D.9

58.63

4.66

28.96

o.4o

E.l

68.65

5 .8 0

0.59

0 .9 1

D.l

D.2

75.17

6 .6 0

14.99

76.19

6.39

15.44

E.l

H

N

Cl

s

rtsr oenc

Init Wt
(ms)

Wt Change
(gms)

Subst
WCa
EAb

2 .0 0 0

-0 .1 0 2

95

1.800

+0 .2 1

VIII

2 .0 0 0 0

+0.2813

14.4

IX

2.2705

-0.570

658

1.000

+0.081

IR11

7.98

I

3.88

7.7

11.6

7-3

X

ON
VO

TABLE 8 Continued

Cmpd*
Type .

c

H

N

s

Cl

IR1 1

Init Wt
(gms)

Wt Change
(gms)

Per Cent
Subs t
WCa
EA

XI

2.0 0 0 0

40.216

1 1 .8

ll*

2 .0 0 0

40.1*32

23.5

25

151*

E.2

D.2

6 8 .6 2

5.89

11.88

E.3

D .8

77.31

6 .6 l

12 .01*

F.l

D.2

76.35

6.81*

9 .6 7

F.2

D .8

7 6 .8 6

6.8k

8 .3 2

F.3

D.9

62.55

b.73

2 6 .1*0

F.l*

E.l

6 3 .5 2

6 .5 0

2 .8 1

22.15

F.5

E.l

6 6 .5 0

5.23

0

23.05

G.l

D .8

7 6 .8 6

6.81*

G.2

D.l*.b

75.11

8 .1 0

2 .6 8

7 .2 0

XV

0.933

40.120

G.3

D.9

7 ^ .2 0

7.95

2 .3 6

2 3 .7 1

XVI

O .876

+0.153

G.k

E.l

6 3 .1 8

6 .3 6

2 .5 2

19.85

0.991

H.l

D.2

70.36

6 .5 6

12.33

1.000

H.2

D.l*

2.81*

7 .11*

H.3

D .8

1.0 2

3 .6 2

2 .1 0

h .i*

D. 10

1.8 8

1*. 12

2 .ll*

1.1

D.3

6 .11*

2 .0 7

1 .2

D .8

2 .2 9

1*.79

8 .3 2

tr

XII

2 .3 6

XIII

2 .181*

-0 .1 1 9

0

XIV

1.000

40.11*1*

1.065

2.36

40.01*0

XVII

1.500

XVIII

1.220

-0 .0 1 0

IXX
XX

1.139

40.078

1.0000

40.253

1.1831

40.217

76

71*

1*.8

12

*WC - Per cent substitution calculated from weight change; **EA _ per cent substitution calculated from
elemental analysis.

171
LEGEND, TABLE 8

I.

Compound Type; Comments
A.l:

( gjKO /
oo

Terpolymer; vinyl monomer (^0), 20$;
styrene, 77 $; divinylbenzene, 3$.

Elemental

analysis indicates composition only slightly different
from monomer mixture.
OH OH
A.2;

Protecting groups hydrolyzed in benzene,
water, H2 SO4 ; wt. loss and ir indicate
extensive hydrolysis.
0

A.3:

0

v£jr\ //

Oxidized with CI2 in CH3 CN; scarlet beads;
wt. gain indicates extensive chlorination.

A.b:

A . 3 plus cyclohexyl amine; ir shows loss of carbonyl
absorption; immediate change of color from red to
forest-green to red-orange.

A.5:

Polymeric by-product after hydrolytic freeing of cyclohexanone.

B.l:

G .
(%Voy£

Quatra polymer: vinyl monomer

CBq CI

styrene, 57 $; vinyl benzyl chloride,
divinylbenzene, 3 $*

B.2:

B.1 plus trimethyl amine

20$;

172
B.3:

Protecting groups hydrolyzed in benzene,
\ OHOH
'©.
\ water, and jg-toluenesulfonic acid.
CHsN^CH3 )s

B.if-:

( ^ l o

B.3 oxidized with Cl2 ; ir shows prominent

CH2 N(CH3 )a

B.5:

carbonyl absorption.

B.4 plus cyclohexyl amine; loss of carbonyl absorption
in ir and rapid color change upon addition of amine
indicates reaction proceeded.

B.6 :

Polymeric by-product after hydrolytic freeing of
cyclohexanone; cyclohexanone detected in reaction
solution < 10 $ yield.

C.l:

(p^-CifeCl; 20$ Divinylbenzene chloromethylated
polystyrene; h.9 meq Cl/gm.

C.2:

( p * ^ - C I f e O C H g G r e a t e r than 85 $ of chloromethyl
groups remain unreacted.

C.3:

^ ^ - C H s O C H s C . 2 , n-butyl mercaptan, p-toluene/ \
OH OH
sulfonic acid, in benzene reflux;
deprotection of remaining catechol moieties.

CA:

( p ^ - C H a O C H g O x i d i z e d with CI2 in C%CN;
®

C.5:

®

extensive chlorination.

Polymeric by-product after cyclohexyl amine addition
and hydrolysis.
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D.l:

( p ^ ) - C H a O C H g C H g R e a c t i o n of C.l with sodium
2-hydroxyethyl alkoxide; 7.7$
substitution; sequence not carried to completion.

E.l:

(p^-CHaCl;

2<
J> Divinylbenzene chloromethylated poly

styrene obtained from Polysciences and sold as 2.1-2.3
meq Cl/gm; found b.3 meq Cl/gm.

E.2:

( p ^ - G H e O C I f e C H s R e a c t i o n of E. 1 with sodium
o
X

2-hydroxyethyl alkoxide; \k°/o

substitution.

E.3:

( p ^ - C H g O C H a C H g P r o t e c t i n g groups hydrolyzed in
refluxing benzene with rv-butyl
mercaptan and p-toluenesulfonic acid; ir analysis
indicates near quantitative removal of blocking groups.
This sequence was not carried to completion.

F.l:

(gj^CHgOCHaCHa-^))

F.2:

(p^-CHaOCH2 CH2

K v
OH

Same 38 E.2; 25$ substitution.

Protecting groups hydrolyzed by
n-butyl mercaptan and £-toluene-

sulfonic acid, as in E.3; presence of sulfur probably
a result of inadequate washing, since in the next step
no sulfur was detected.

Weight loss indicates removal

of protecting groups proceeded to completion.

0-CH2OCH2CH2 - \ y
0

0

F.2 oxidized with Cl2 in CHgCN;
intense carbonyl absorption in ir

spectrum; extensive chlorination revealed by elemental
analysis and weight gain.

Intermediate polymer reagent after addition of cyclo
hexyl amine.

Washed with water/methanol (50:50) only

to remove surface impurities before being sent for
elemental analysis.

Consumption of cyclohexyl amine by

the polymer during the reaction was followed by gc.
Disappearance of the amine from the solution was nearly
quantitative in less than one hour.

The 2.81$ N found

(2.01 meq/gm) corresponds nearly exactly to the amount
of cyclohexyl amine added (0.25 Si 2.5 mmol/1.065 g
polymer).
Final polymeric by-product after hydrolysis of F A in
THF, MeOH, water, and oxalic acid; no cyclohexanone
was detected in gc.

Total loss of N in this step

confirms that neither displacement by the amine of
chloride, nor reaction of the amine with the obenzoquinone, occurred, although there was quantitative
uptake of the amine from solution into the polymer.

Same polymer as F.2.

,N(c%)3c r
G.l allowed to react with
trimethyl amine; nitrogen and

QJ

chlorine analysis indicate that 25‘
fo of the original
chloromethyl groups present in E.l remain unsubstituted,
assuming that a Cl

anion accompanies each quaternary

ammonium ion attached to the polymer).

The calculated

concentration of unprotected catechol moieties at this
point is 0.9 mmol/gm.

Weight gain agrees closely with

that calculated from the analysis.

+

^ ^ N ( C H 3 )3C1
ox^ ^ ze^ wit-*1 CI2

CH2 OCH2 CH2

0

CHqCN.

The infrared spectrum

reveals a fairly intense carbonyl peak; chlorination
was once again extensive.
Final polymeric by-product after addition of cyclohexyl
amine to G.3 followed by acid hydrolysis.
(p^-CHgOCHaCHgE-l
°><0

allowed to react with

sodium 2-hydroxyethylalkoxide;

12$ substitution.
H-l allowed to react with NaN3

.N3

SO,

in DMF/HeO; 60$ of Cl remain.

Protecting groups removed in
CH2N3
DMF with n-butyl mercaptan and
CH2 OCH2 CH2 T
OH

OH

p-toluenesulfonic acid; ir

spectrum reveals some air oxidation to the o-benzoquinone; 23 $ substitution of mercaptan.

Oxidation of catechol moieties to
0
tha o-benzoquinone effected by
N-bromosuccinimide, dimethyl sulfide, and triethyl
amine; intense absorption in the ir spectrum at 5.8 (j,
(carbonyl region) indicates that oxidation was
extensive.

©-CHaSCHaCHa-O

E.l allowed to react with sodium
2-ethylthiolate; wt gain indicates

29$ substitution;

from diff. in Cl anal; 19$ by S

analysis.

X
Protecting groups removed in DMF,
2-mercaptoethanol, and ptoluenesulfonic acid.
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PART E

1.

Utilization of Polymer Reagents in Organic Synthesis

Oxidation of Amines to Ketones with Polymer-Bound o-Benzoquinones
The conditions employed for amine oxidations were similar

lQ
to those used by Corey and Achiwa for their amine oxidations with
3,5“di“t.~butyl-l,2-benzoquinone.

Gas chromatography was used for

both qualitative and quantitative analysis of the cyclohexanone pro
duced in the reaction| the Hewlett-Packard GC described in Part A
was used with the following conditions: column, 6' glass, Carbowax
20M; initial temperature, 75°> initial hold time, 2 min; program
rate, 8°/min.

The identity of the compound emerging with a retention

time of 5.9 min was established as cyclohexanone by comparison of
retention times with an authentic sample of cyclohexanone on both
the Carbowax 20M column and on an OV-1 column and by comparision
of the mass spectrum obtained from GC-MS with that of cyclohexanone.
Quantitative determination was achieved by calibrating the integrator
response with standard solutions of cyclohexanone in methanol/THF
(1:1, vol : vol) throughout the concentration range expected.

The

detector response for cyclohexyl amine was determined in a like
manner.
To a stirred suspension of 4.0 g (5 .O7 mmol of catechol
monomer, though probably considerably less of active benzoquinone)
of polymer reagent prepared by chlorine oxidation of the precursor
prepared in Exp. C.2.(a) in 20 ml THF/CH3 OH (1:1, vol : vol) was
added 0.5 g (O.05 mol) cyclohexyl amine.

There was observed an

instantaneous color change from the scarlet red of the oxidized

reagent to a deep, forest green; within 10 min the color changed
again to an orange-red.

After kj min the polymer was filtered and

washed serially with THF, methanol, and benzene, then dried in vacuo;
ir analysis revealed complete disappearance of the sharp carbonyl
absorption at 5*8

Elemental analysis (given in Table8 Compound

Type A.ij-) indicated that about 30$ of theoretical amount of cyclohexyl
amine had been incorporated, assuming the aromatic Schiff base form
for the intermediate.
The polymer was then suspended in 15 ml THF containing 2 ml
water; oxalic acid was added to adjust the pH to ca. 3»
was stirred for one hour.

The mixture

Quantitative gc indicated that 12 mg

cyclohexanone had been formed.

This is 6.3$ yield based on the

amount of Schiff base formed in the first step, as calculated from
the nitrogen analysis, or 2$ yield overall, based on the estimated
number of active moieties present.
The conditions used in the above experiment were essentially
duplicated in the many attempts to improve the yields of this
reaction, although there were some changes made in solvents used and
reaction temperature; most alterations were in the prepara
tion of the polymer reagent.

Analyses of several of these amine-

oxidation reactions is given in Table 8 Compound Types A.h and A.5,
B.5 and B.6, C.5, F.U and F.5> and g A , legend.
The immobilized reagent designated G.3 in Table 8

, whose

chloromethyl groups had been substituted to an extent of 25 $ in
the alkoxide displacement and an additional 50 $ by reaction with
trimethyl amine, leaving approximately 25 $ of the originally present
benzyl chloride positions unreacted, was used in the amine-oxidation

reaction with conditions similar to those described above.

No

sample was taken for analysis of the intermediate before acidi
fication; however, the concentration of cyclohexyl amine in the
solution was followed by gas chromatography.
was suspended in THF and the amine added.

The polymer reagent

After 15 min. only 2ty$

of the amine remained in the solvent; after J>0 min., only 1k$>.
this point one ml CH3 OH was added to the suspension.

At

One minute

thereafter, only 0 .2 $ of the originally added cyclohexyl amine
could be detected in the solution, the rest having been specifically
transferred to the polymer.

The mixture was then acidified.

Gas

chromatographic analysis revealed trace amounts of cyclohexanone
within 15 min. after acidification, increasing slowly to a steady
maximum after I .25 hr equivalent to app. 5 $ of the theoretical
yield based on the estimated number of unprotected catechol groups
present before the oxidation step.

However, when the polymer was

filtered and washed with THF/CH3 OH, analysis of the filtrate revealed
a significantly greater amount of cyclohexanone in the washings, thus
indicating that cyclohexanone, like cyclohexyl amine, was strongly
attracted to the interior of the polymer.
determined, but was estimated to be 20-ty-G$.

The extract yield was not

2.

Immobilized o-Phenylene Phosphorochloridate
(a)

Preparation of the Reagent
In a 100 ml flask was placed 2.00 gm (^.22 meq catechol) of

polymer-immobilized dopamine prepared in Exp. D. 8 , dried in vacuo
for 2k hours previously, and 75 ml dry benzene.

Approximately 65 ml

of benzene was distilled from the mixture, then the suspension was
transferred under N2 to a flame-dried Schlenck tube (a cylindrical
filter funnel with a fritted disc, a stopcock side inlet tube, and
a ground-glass top), padded with N2 .

The residual resin in the flask

was rinsed into the reaction vessel with dry THF and THF was added
to bring the total volume to approximately

25

ml.

Then 0.79 S

(O.OIO mol) dry pyridine and O . 7 6 5 g (0.005 mol) POCI3 were added.
The mixture was allowed to stand under N2 with occasional swirling
for 2k hr; then the solvent was forced out by N2 pressure and the
reagent was washed several times with dry THF and dry benzene; the
solvent was forced through the frit with N2 each time.

The entire

apparatus was placed in a vacuum dessicator for 12 hours with the
lower stopcock open: the pressure was then equalized by admitting
N2 .

An attempt to prepare a KBr pellet for infrared analysis proved

futile; the pellet was opaque,

A sample was removed for elemental

analysis.
Anal.

Found: C, 61.60; H, 6 .96 ; Cl, 10.69; N, 3-61; P, 2 .3 6 .

P = O .7 6 meq/gm (37$ substituted as o-phenylene phosphorochloridate)
(b)

Attempted preparation of phosphate monoester of

tetrahydrofurfuryl alcohol.

To the remainder of the reagent, still under
10 ml dry benzene, 15 ml dry THF, O . 8 7
and

1.26

8

was added

(0.011 mol) dry pyridine,

g (0 . 0 1 1 mol) freshly distilled tetrahydrofurfuryl alcohol.

The mixture was allowed to stand with occasional swirling for 2 b
hr; removal of solvents and by-products and washing of the resin
proceeded exactly as in the preparation of the reagent, and again
the intermediate was dried by placing the reaction vessel with the
lower stopcock open in the vacuum dessicator.

A sample of the

intermediate was removed for analysis.
Anal.

Found:

C, 57.83; H, 7-16; Cl, 10.2 7 ; p, 2.k3.

The decrease in per cent carbon seems anomalous; however, the
fact that the chlorine analysis did not decrease indicates that the
alcohol failed to react.
Since there is considerable delay before the results of
elemental analyses are known, the reaction was, of course, carried
through the planned sequence.

Ten ml THF and

30

ml Bq O were added

to the resin; the mixture was swirled vigorously for

30

min. then

the solvents were forced out and the resin was washed serially with
1:2 THF/water, water, THF, CHqOH, acetone, and finally ether.

The

intermediate was dried in vacuo and a sample was removed for analysis.
Anal.

Found:

C, 70.72; H, 7.il5; Cl, 6.5^; N, 2.^7; P, 2.09.

It is obvious that this intermediate is the result of water hydrolysis
of the o-phenylene phosphorochloridate, and is most likely the
monophosphate ester of the immobilized catechol.
To the resin was added ml of an aqueous 0.2 M Ba(0Ac)2 , 2$ Br2
solution.

This mixture was allowed to stand, with occasional swirling

for one hr; whereupon, the solvent was forced from the vessel and
the polymer was washed repeatedly with water, then with 1:2 THF/
water, then with THF* and finally with ether.

The resin was dried

and analyzed.
Anal.

Found:

C, 51*83; H, 5*08; N, 1.88; P, O.9 6 ; halogen, 32.26.

The combined filtrate was concentrated from approximately 250
ml to approximately 150 ml in the rotary evaporator.

Saturated,

carbonate-free Ba(0H )2 was carefully added to adjust the pH to 9,
insoluble inorganic salts were filtered, then 600 ml acetone was
added.

The solution became cloudy, but the precipitate refused to

settle, even after sitting at -20° for 10 hr.
centrifuged.

The mixture was

The precipitate was found to be BaP04 .
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